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ABSTRACT
In medical imaging systems, like Positron Emission Tomography (PET),
scintillators detect the ionizing radiation emitted from the radioactive tracer within
the patient, helping to create the diagnostic image. Promising characteristics like
high density, ease of growth and machinability, as well as, bright and fast
scintillation have thrusted Ce3+ or Pr3+ activated rare-earth aluminum garnet
scintillators like (Lu, Y)3Al5O12 into near operation in the field of medical imaging;
however, there is still much room for improvement due to defects inherent in the
garnet matrix. One approach to improving the scintillation light yield and decay
time, by removing defects, is codoping. Recently the impact of codoping with
monovalent ions (i.e. Li+, Na+, K+) has shown potential and requires more
investigative efforts into the effects of monovalent ions on garnet scintillator
performance.
In this dissertation, we explore the strategy of Li+, Na+, and K+ codoping to
alter the scintillation properties of praseodymium-doped (Lu0.75Y0.25)3Al5O12
(LuYAG: Pr3+) single crystals. A successful effort was made to optimize the
Czochralski single crystal growth process by altering the translation rate, rotation
rate, cool down duration, and boule geometry in order to mitigate cracking. After
thorough structural and elemental analysis of grown crystals, the scintillation light
yield, energy resolution, and scintillation decay time were measured for each
codoped crystal and their performance was compared to a non-codoped LuYAG: Pr
control.
Additionally, we examined the importance of dopant and codopant
concentration through analysis of the optical and scintillation properties. A
vi

definition of the complex defect structure of monovalent codoped LuYAG: Pr single
crystals was presented given the results from thermoluminescence, afterglow, and
light sensitivity measurements; before and after annealing treatments. Finally,
quantitative analysis of the limiting factors of energy resolution of monovalent
codoped LuYAG: Pr was investigated determining the main contribution lies in the
high proportional light yield response of LuYAG: Pr to gamma energies and the
increased photoelectron production in the PMT.
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CHAPTER ONE
SCINTILLATORS FOR MEDICAL IMAGING APPLICATIONS
Radiation Detection and Scintillators
With the connection between particle physics and medical imaging first
appearing after the discovery of x-rays in 1895 the necessity of radiation sensitive
materials, such as scintillators, has continued to grow not only for the field of
medical imaging but for other applications, namely, national security, space
exploration, and high energy physics [1]. Scintillators are materials that work by
absorbing high energy radiation and emitting visible photons, which can be
collected by photodetectors and converted to displayed image. The entire
scintillation process can be divided into three steps: conversion, transport, and
luminescence, and is depicted in Figure 1.1.
In the first step, high energy photons interact with the scintillator through
the photoelectric effect or Compton scattering, creating many electrons and holes
that thermalize to the conduction and valence bands, respectively. During the
transport stage, these paired electrons and holes migrate through the scintillator
until they are radiatively recombined in the final process of luminescence either at
activator sites or between the valence and core bands [1, 2]. This step is often
delayed by intrinsic defects that may reside within the lattice. The final step yields
the visible light due to electron-hole pair recombination. This light is collected by
photodetectors, such as a photomultiplier tube (PMT), coupled to the scintillators,
completing detection. As stated before, these materials can be used for many

1

Figure 1.1. Scintillation mechanism for a wide band gap single crystal divided into
three stages: conversion, transport, and luminescence [2].

2

different applications where detection of radiation is pertinent. Particularly, for
this dissertation we are interested in the application of scintillators to the field of
medical imaging.

Medical Imaging Modalities
Medical imaging allows for the detection of foreign entities, such as tumors,
within the human body and requires techniques to help diagnose patients earlier
and with less aggressive procedures. One of the most important developments in
medical imaging, if not radiation detection as a whole, was the invention of the
Anger Camera. As depicted in Figure 1.2, this simple device consisted of a thin slab
of a scintillating material coupled to multiple PMTs housed within a lead shield
containing a small pinhole and allowed for the imaging of radioactive sources with
some accuracy regarding location of scintillation light [3]. This was immediately
noted as essential in the medical imaging field and allowed for the expansion to
invent many more imaging devices for advanced clinical diagnosis.
Medical imaging is often divided into two categories: anatomical and
functional. Anatomical imaging techniques, like X-ray computed tomography (CT),
produce images of the body structure and are used to define the anatomy of the
patient. Functional imaging creates the visualization of metabolic bodily functions
of specific organs in a minimally invasive way, often with the distribution of a
contrast agent [2, 4]. Regardless of category or technique each method of medical
imaging relies on the principle of computed tomography to develop the image for
detection and diagnosis.
In very general terms, computed tomography is the process where an image
3

Figure 1.2. Schematic drawing of an Anger Scintillation Camera developed for the
imaging of radioactive sources [3].

4

in two-dimensions is rendered from a one-dimensional projection. A simplified
drawing of the computed tomography principle is represented in Figure 1.3. Many
two-dimensional images can be collected at various angles to construct a full scan
for analysis and ultimately diagnosis. The evolution of CT saw its development from
the first generation images created by 6-minute long scans from many angles to
the generation of 1-second long scans taken from an array detecting a fan beam
ray [5].
Static imaging techniques, like conventional radiography, present several
drawbacks, including long exposure time and low contrast, that allow for research
and development of new dynamic imaging techniques to take precedent [6]. The
three main modalities of dynamic medical imaging are X-ray Computed
Tomography (CT), Single Photon Emission Computed Tomography (SPECT),
Positron Emission Tomography (PET). The photon energies for these modalities
range from 15-511 keV causing for a significant amount of interactions via Compton
scattering (Figure 1.4) [1, 4].
This scattering causes a significant amount of background that must be
combatted by increasing the efficiency and resolution of the detection system.
Each modality of dynamic medical imaging addresses this issue differently and will
be described in detail in the next section, highlighting the principle behind each
technique, the detector technology utilized and the limiting factors in detector
performance.
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Figure 1.3. Drawing depicting the principle of computed tomography [6].
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Figure 1.4. Dominant type of photon interactions separated by energy [1].
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X-ray Computed Tomography (CT)
In modern X-ray CT, as its name states, a fan beam of X-rays are used as the
radiation source. The scattered photons are detected after traveling through the
patient by an array of detectors. A high contrast image in two- or three- dimensions
is created due to the attenuation profiles of different entities within the human
body (Figure 1.5). In some cases, a contrast agent can be used to increase the
resolution of the image constructed. However, this high flux of radiation present
during the measurement calls for several modality specific designs to be
implemented to reduce the effects from the Compton scattering [4, 6, 7]
Typical modern X-ray CT detector systems consist of a linear scintillation
array made up of a scintillator material of the single crystalline or ceramic type
coupled to a Si-photodiode array [8]. Between the patient and the detector lies a
mechanical collimator made of lead or tungsten to help reduce Compton scattering
by only detecting rays coming in a particular direction from the source [7].
While certain systemic factors like tomography software can be improved to
produce a better image, much weight is given to the scintillator material
development in X-ray CT systems to address detection efficiency, material stability,
and afterglow characteristics.
Due to the safety limitations regarding patient exposure time, scintillator
development and design is tuned to the energy of the source. One major design
limitation in X-ray CT is the sample thickness for full absorption. This characteristic
is limited by the hardness and machinability of the scintillator chosen for the
application, has led many researchers to the development of ceramic scintillating.
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Figure 1.5. (a) Schematic illustration of X-ray Computed Tomography. (b) CT scan
image of transversal slice of the human body [2].
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materials instead of brittle single crystals [8]. Typical thicknesses of pixels used in
X-ray CT are around 2 mm in the linear array configuration [2, 4, 9]
Single Photon Emission Computed Tomography (SPECT)
In contrast to the anatomical information gained from X-rays transmitted
through the patient in X-ray CT, functional modalities like SPECT and PET are
implemented to monitor metabolic functions within the human body by detecting
radiation coming from interactions within the patient. SPECT utilizes nuclides that
decay via the emission of single photons with a single energy. The most common
source used in SPECT is 99mTc (Technetium 99) with its emission of a single 140 keV
gamma ray. The most popular detector setup for SPECT involves “Anger logic”,
consisting of a large slab of a scintillator coupled to multiple detectors with
collimators between the scintillator and the patient to define the direction of the
detected gamma rays (Figure 1.6). This principle allows for there to be positional
sensitivity due to the comparative analog signals of the many photodetectors.
The monoenergetic photon emitted from the source helps to reduce some
of the high background that is typically witnessed in X-ray CT due to the source
type; however, the mechanical collimation utilized in SPECT reduces the count rate
significantly, subsequently reducing overall detection efficiency. The data collected
from the Anger camera is then pooled to create the tomographic reconstruction.
To increase the detection efficiency multiple Anger camera heads can be used
surrounding the patient, but this improvement is limited in both efficiency and cost
effectiveness [7, 8].
The most prominent factors in design of the SPECT detector system are the
10

Figure 1.6. Illustration of the SPECT detector system containing one Anger camera
[8].
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scintillator slab thickness and spatial resolution associated with the collimator and
PMT array. The slab thickness is related to attenuation and is tuned due to the
known energy of gammas emitted by the source (140 keV) and the path length for
complete absorption. Typical slab thicknesses are 9-12 mm in current SPECT
systems [6]. The performance of the Anger camera in SPECT is mostly dependent
on the spatial resolution of the scintillator. The dictating factor of spatial resolution
is the geometry of the collimator.
Equation 1.1 presents this quantitative relationship between the spatial
resolution and the collimator geometry, where w and L are the width and length of
the collimator, respectively, and d is the distance from the collimator.
𝑆𝑝𝑎𝑡𝑖𝑎𝑙 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 2

𝑤

𝐿

(𝑑 + 2)
𝐿

(1.1)

There is a direct relationship between the spatial resolution and the distance
as well as the aspect ratio w/L; however, it is often noticed that increasing the
aspect ratio of the collimator can severely decrease the detection efficiency.
Therefore, the collimator geometry is often altered modestly and other properties
like the intrinsic resolution of the Anger camera by increasing the PMT
configuration are enhanced to improve detection efficiency in SPECT. Current
scintillators in use for SPECT have energy resolution around 9% at very large slab
sizes.
Positron Emission Tomography (PET)
Figure 1.7 depicts the schematic drawing of positron emission tomography
(PET). This modality takes advantage of the characteristic of certain radioactive
isotopes that decay via positron emission, most commonly 18F. Radioactive tracers
12

Figure 1.7. Illustration of the principle of Positron Emission Tomography (PET) [10].
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coupled to metabolic substances, such as glucose, are introduced into the patient
via injection. After traveling a short distance within the body (on the order of 1-2
millimeters), the positron interacts with an electron, annihilating and prompting
the emission of two 511 keV gamma rays anti-parallel from one another that are
detected in coincidence by a closed set of rings containing the detectors
surrounding the patient [7, 8, 10].
The detection method of PET imaging systems has high sensitivity due to the
presence of the two detectors working in “time-coincidence” as a type of
“electronic collimation” instead of one detector and mechanical collimators that
are typically employed in SPECT or X-ray CT. The line connecting detectors in
coincidence, termed the “line of response” is used to make the set of projections
collected for the computed tomography of the full scan. The points where these
lines intersect can be inferred as a point of high metabolic activity, i.e. metastases.
Detection efficiency in PET is superior to SPECT largely due to the use of electronic
collimation [6, 11-13].
Typical setup for a PET detector system includes the block detector module.
As shown in Figure 1.8, this system consists of a block scintillator coupled to four
PMTs. Similar to SPECT, the principle of Anger logic is employed when developing
the PET detector system. The location of the interaction can be determined by the
ratio of the PMT signals. Often partial or full cuts section the scintillator blocks into
pixels to prevent dispersion of light traveling laterally, promoting higher spatial
resolution. To optimize both performance and cost there has been a current shift
from partially segmented blocks to full blocks with air gaps between. Current PET
systems can achieve very high resolution this way on the order of 1-2 mm [8].
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Also similar to SPECT, the efficiency of the PET system is directly related to
the block scintillator thickness. As the energy of the positron annihilation is known
(511 keV) the block thickness can be tuned to absorb close to 100% of the incident
gamma rays. Typical block sizes are 20-30 mm in thickness. Additionally, the
coincidence detection is obviously limited by the decay time of the scintillator.
Ultimately, to ensure the optimal performance, corrections are made to eliminate
dead time, random coincidences, and any scatter not eliminated by collimation [68].
Often PET systems are coupled with X-ray CT systems to provide a clearer
picture of the patient. Figure 1.9 depicts how a typical full body CT scan of can show
the anatomical makeup with variations in color signifying changes in densities from
different masses that make up this portion of the body. PET, signified by the center
image in the figure, highlights the area within the scan that displays the highest
uptake of the radioactive tracer, in some cases, a tumor. The superposition of each
scan (right) presents a clear image for which specific part of the dense mass within
the body, in this case the lymph node metastases , has high metabolic function.
To reduce the noise in PET images the technique known as time-of-flight PET
(TOF-PET) was developed. The principle behind this technique states that if the
arrival time of the photons can be accurately measured, the location of the positron
can be more constrained, reducing the statistical noise in the constructed image.
This technique requires fast timing detectors for its implementation.
In order to achieve ideal performance in TOF-PET a scintillator developed with
highlight output, short decay time, high density, and excellent energy resolution
and linearity are required [14].
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Figure 1.8. Traditional PET detector modules including a scintillator block and four
photomultiplier tubes.
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Figure 1.9. Combination of CT (left) and PET (middle) to form a more resolved image
of the high metabolic states within a specific mass in the body through PET/CT
(right).
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Ideal Characteristics for Scintillating Materials
To ensure proper and efficient detection, the scintillators within medical
imaging devices must exhibit characteristics that are ideal for their specific
techniques. The fundamental limitations of many scintillators considered for
applications in medical imaging are the stopping power, luminescence efficiency,
timing resolution, and cost.
Along with high density, one of the most important requirements for
scintillators in medical imaging is a high stopping power for the given energy range
of X- and γ-rays utilized. For X-ray CT, the x-ray energies are low (below 150 keV)
and must be absorbed completely. As shown in Figure 1.10, at energies relating to
X-ray CT, cesium (Cs), iodine (I), and yttrium (Y) have attenuation coefficients at or
above 100% making their respective scintillators, Cesium Iodide (CsI) and Yttrium
Aluminum Perovskite (YAP), good candidates for this application. However, higher
Z elements, i.e. lutetium (Lu) and bismuth (Bi), do not have this same characteristic;
therefore, scintillators containing these elements, particularly Bismuth Germanate
(BGO), Lutetium Oxyorthosilicate (LSO) are better suited for higher energy
techniques, like PET, where γ energies reach 511 keV [4, 8, 9].
To guarantee a high signal to noise ratio, scintillators for medical imaging
applications must have a high light output and an emission wavelength within the
spectral region best suited for the photodetector to collect as much signal as
possible. Light yield heavily depends on the processes within the scintillation
mechanism, specifically, the band gap width and how many electron-hole pairs are
created within the lattice during ionization [9, 13].
18

The high light output can in turn improve the energy resolution that is
partially limited by the photon statistics (Rstat) and a nonproportional response at
different energies (Rnp), represented in Equation 1.2. This enhancement is
necessary to provide better spatial resolution and overall improved detector
sensitivity [1, 8, 9, 15].
2
2
2
𝑅2 = 𝑅𝑠𝑡𝑎𝑡
+ 𝑅𝑖𝑛
+ 𝑅𝑛𝑝

(1.2)

Figure 1.11 shows a plot of the theoretical light yield as a function of the
band gap energy of several different scintillators, including many that have been
considered for applications in medical imaging, i.e. LSO, LuAG: Pr, and YAP. The plot
presents that materials with a small bandgap are better suited for high scintillation
yield; however, due to intrinsic defects many compositions deviate from their
potential yield dramatically [15].
As mentioned before, efficiency of the rendered images in medical imaging
and the limited exposure time of the patient are reliant on the kinetics of the
scintillating material in use. The timing resolution of the scintillating material is
primarily dictated by three properties: scintillation decay time, scintillation rise
time, and light yield. A short scintillation decay time is important for PET as the
image quality and sensitivity are dependent on the coincidence timing capabilities
of the system [9, 13]. However, decay time of scintillation light is not only
influenced by the time for emission but also the charge carrier mobility in the
transport stage of the scintillation mechanism. Light yield has also been determined
to influence the timing resolution of the detection system. Equation 1.3 represents
this relationship where Nph is the number of photoelectrons detected from the
scintillator, and where τr and τd are the rise time and decay time, respectively [8, 9].
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Figure 1.10. Attenuation coefficients for high Z materials considered for medical
imaging applications [8].
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Figure 1.11. Scintillation light yield as a function of band gap energy for various
scintillator compounds [15]
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𝜏 𝜏

𝐶𝑇𝑅 = √ 𝑟 𝑑
𝑁𝑝ℎ

(1.3)

The last and final limitation in material selection in medical imaging
applications is cost. This determines whether a material in the research scale can
be ultimately implemented in the commercial or clinical setting. The priority of low
cost varies with each detector system as the other important factors will often take
precedent over this characteristic. In PET systems, the cost of material used to
surround the patient in the detector system is typically not greater than $100/cm2.
This is much greater than the typical cost in SPECT systems, which implement a
cheaper NaI: Tl material than the LSO or BGO implemented in PET.
With the understanding of these limits of the scintillators, many efforts
within research and development have progressed for medical imaging
applications, with the most emphasis on PET due to many of the materials
researched being well below their theoretical limits for detector sensitivity
regarding spatial resolution, energy resolution, and timing resolution [6, 9]. Other
than a reevaluation of detector design, in depth research emphasizes
advancements by developing novel scintillator materials. Table 1.1 displays
scintillators already used or in development for applications in PET.
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Table 1.1. Properties of scintillators either in use or in consideration for
applications in PET*[8, 9, 16-18]

Scintillator

Density
(g/cc)

Effective
Atomic #

Light Yield

Decay

(ph/MeV)

Time (ns)

(Zeff)

Hygroscopic?

NaI: Tl

3.67

50.8

38,000

230

Yes

BGO

7.13

75.2

9,000

300

No

LSO: Ce

7.4

66

27,000

40

No

LuAP: Ce

8.34

64.9

10,000

17

No

LuAG: Pr

6.67

62.9

20,000

20

No

BaF2

4.88

52.7

11,000

600

No

LaBr3: Ce

5.29

46.9

61,000

35

Yes

YAP: Pr

5.35

32

12,000

10

No

CsF

4.11

53.2

2,000

2

Yes

GSO: Ce

6.7

59.4

12,500

60

No

*All values reported were collected at room temperature
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CHAPTER TWO DEVELOPMENT OF GARNET SCINTILLATORS FOR
MEDICAL IMAGING APPLICATIONS
Structure of Garnet Scintillators
One family of oxide single crystal scintillators that have been extensively
studied for applications in medical imaging are the garnets. Having the general
composition of A3B5O12, where A denotes rare earth (RE) elements, such as Lu3+,
Y3+, Gd3+, Tb3+, or La3+, that reside in dodecahedral sites and B denotes the element,
typically Al3+, Ga3+, or Sc3+, located at the octahedral (BI) and tetrahedral (BII) sites
(Figure 2.1), garnets are studied as potential candidates for scintillators due to their
high density, stable crystal structure and non-hygroscopicity [9, 19].
Typically, aluminum garnet scintillators are doped using optically active ions
such as Ce3+ or Pr3+ to provide fast and efficient luminescence due to the 5d-4f
transition of the activator within the forbidden band of the scintillator host matrix
(Figure 2.2). The wavelength of emission is heavily dependent on the crystal field
splitting of the activator within the activation center. As depicted in Figure 2.3 the
optically active ion (O) with neighboring ions (L), the splitting is dictated by the
bond length, as well as, coordination number of the site on which the activator sits,
and can lead to a emission within the ultraviolet (UV) region and even in the high
energy visible range of green and yellow in some cases [20]. Within the same
matrix, the Pr3+ ion typically exhibits emissions at higher energies and decay rates
around two times faster than the Ce3+ ion; however, in matrixes containing Gd3+,
Pr3+ ions can present quenching due to nonradiative transitions on lower f levels
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Figure 2.1. Crystal structure of A3B5O12 garnets with labels signifying the
Dodecahedral (A), Octahedral (BII), and Tetrahedral (BI) lattice sites [19].
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Figure 2.2. Dieke diagram of trivalent Ce and Pr ions showing the 4f levels and the
4f–5d absorption and emission bands of both ions. [21]
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Figure 2.3. The activation center of a scintillator where the activator ion (O) is
surrounded by neighboring ions in the lattice (L) [20].
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[8, 15]. The fundamental limits of Ce3+ and Pr3+ doped scintillators can reach light
yields of 130 and 80 ph/keV, with decay rates at 15 and 7 ns, respectively.
Due to their congruent melting temperature, meaning there is no phase
change between the liquid and solid phases (Figure 2.4), aluminum garnets can be
readily grown as single crystals. The typical growth method for large sized garnet
crystals is the Czochralski (CZ) growth method, invented by Jan Czochralski in 1918.
In its current form, powders are melted in a crucible of iridium before a rod
containing a seed material is lowered in contact with the melt surface and slowly
rotated and translated above the interface [8, 22].

Figure 2.4. Binary phase diagram of Lu2O3 and Al2O3 with the congruently melting
garnet (Lu3Al5O12) phase highlighted in red. Adapted from [8].
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Yttrium aluminum garnet was initially developed for laser applications in the
early 1960s [23]. Not long after it was discovered that cerium and praseodymium
doping promoted fast and efficient scintillation at room temperature, making it one
of the first aluminum garnet scintillators with a high figure-of-merit, [24, 25].
Isostructural lutetium aluminum garnet (LuAG) was developed not long after as an
attempt to further improve properties exhibited by YAG scintillators due to its
higher density and effective atomic number, making it more ideal for high energy
X-ray and gamma ray detection [25].

Developing Multicomponent Garnets – Optimization via Admixing
Due to the intense conditions experienced during growth coupled with the
mixed occupancy of the cations within the garnet matrix, many scintillators in the
aluminum garnet family, namely YAG and LuAG, are unable to reach their full
potential due to charge carrier trapping defects from REAl anti-sites and oxygen
vacancies [15, 26]. The anti-site defects trap electrons and holes allowing for an
intrinsic emission in the UV region and a hindering of the migration to Pr3+
luminescence centers which is manifested as slow decay components in the
scintillation decay (Figure 2.5). Oxygen vacancies also act as charge carrier traps,
creating F or color centers that can contribute to delayed recombination and
afterglow [27-29]. One method employed to diminish these defects is admixing or
substituting large amounts of an element type in the three different cation sites
within the complex unit cell of garnets, i.e. (RE3+, Lu3+, Y3+, Gd3+)3(Al3+,Ga3+)5O12.
Admixing allows for outstanding tunability to improve scintillation properties.
The principle behind admixing is associated with the alteration of the
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Figure 2.5. Schematic of the REAl anti-site defect structure of garnets. This causes a
near UV emission (top) and delayed recombination (bottom)[25].
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bandgap edges and the manipulation of the crystal field around the activator. The
band gap engineering is responsible for facilitating the removal of electron and hole
traps associated with cation anti-site defects (Figure 2.6) The difference in the band
gap for RE3+ ions sitting in the dodecahedral site like Lu3+, Y3+, and Gd3+, is small but
notable; however replacing atoms in the octahedral and tetrahedral sites (Al 3+ for
Ga3+) shows a significant change in the conduction band minimum and can remove
charge carrier traps [25, 30].
Although the suppression of traps can yield positive results to scintillation
performance, sometimes this alteration of the band gap edge can negatively affect
scintillation depending on the activator present. Particularly, the admixed
composition of (Gd, RE)3(Ga, Al)5O12 has been reported to exhibit light yields as high
as 50,000 ph/MeV when cerium doped, however, when praseodymium doped, the
luminescence is quenched and the performance diminishes significantly [31-34].
Significant improvements via admixing has led to the continued discovery of
multicomponent garnet single crystal scintillators since their inception in 2011
giving rise to a class of ultra-efficient complex oxide scintillators [25]. Table 2.1
depicts the many multicomponent scintillator compositions developed and their
respective scintillation properties.
The potential for very bright and fast luminescence presents a need for more
high efficiency Pr3+-doped multicomponent garnets to be developed. Greater
efforts are being made to develop praseodymium doped multicomponent garnet
scintillators, due to the issue with activator quenching. Specifically, recent reports
by Drozdowski, et al. have proven that substituting lutetium with 25% yttrium
garnet matrix significantly improves the scintillation light yield due to the
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Figure 2.6. Simplified illustration of the effect of band gap engineering on the
electron and hole traps within the forbidden band of activated scintillators [30].
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Table 2.1. Multicomponent aluminum garnet scintillators and their luminescence
properties Adapted from [25, 31, 34-36]
Crystal

λ(nm)

LY (ph/MeV)

ER (%)

Main τ (ns)

LuYAG: Ce

510-530

22,000*

5-7

60-70

GGAG: Ce

530-540

46,000*

4.9-5.5

88*

LGGAG: Ce

500-540

1,600 - 31,000

--

67-76

GYGAG: Ce

500-560

14,000-44,000

8.2

47-87

GGAG: Pr

315-320

4500*

--

214*

LuYAG: Pr

310-325

15,000-33,000

4.4-4.6

19-21

Abbreviation

*signifies best value reported, -- signifies value not reported
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suppression of shallow electron traps, from anti-site defects[36, 37]. Figure 2.7
illustrates the ideal Lu-Y ratio confirmed in this report to present the best
performance for LuYAG: Pr scintillators. This improvement showed the greatest
increase and the best value of light yield and energy resolution for praseodymium
doped Lu-based garnet scintillators.

Further Improvements of Garnet Scintillators via Codoping
While admixing can be described as an effort to alter the forbidden gap of a
scintillating material to subsequently diminish trapping defects within the host
matrix, codoping exists as a method of modifying not only the scintillator
performance but the mechanical properties and crystal growth behavior as well
[38]. Beginning in the 1990s, codopants were implemented in many different
scintillators with the effect of altering the emission wavelength, scintillation light
yield and decay time, and even manipulating the charge state of the activator [39,
40].
Trivalent Codoping of Garnet Scintillators
Trivalent ions have even been reported to increase light yield for cerium
doped GGAG and LuAG single crystals by up to 10% [41-43]. Tyagi, et al reported
that boron codoping of GGAG: Ce increase light yield and energy resolution due to
a decrease in self-absorption [44]. This was later corroborated in a very early study
published by myself and my collaborators in the Journal of Crystal Growth. Figure
2.8 depicts the results of the light yield and photoluminescence (PL) reported from
this work. We discovered that a small amount of boron can improve the light yield
and yields a small blue shift in the PL excitation signifying less self-absorption [45].
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Figure 2.7. 137Cs pulse height spectra of (Lu0.75 Y0.25)3Al5O12: 0.16% Pr and Lu3Al5O12:
0.23% Pr [36].
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Figure 2.8. Light yield (left) and PL excitation and emission for boron codoped LuAG:
Ce single crystal scintillators [45].
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Do the similarity in charge of the trivalent codopant and the activator, some
effort has been done to investigating the effect of co-activation in garnet
scintillators. Páterek, et al, reported that the decay time of Pr3+ activated LuAG can
be accelerated when codoped with optically active holmium (Ho3+). This was
attributed to a non-radiative energy transfer from one optically active site to
another. However this was shown to significantly diminish the light output [46].
Divalent Codoping of Garnet Scintillators
Divalent ions, such as Ca2+ or Mg2+ have been used as codopants in cerium
and praseodymium doped LuAG and GGAG single crystals. Due to the charge
mismatch of the codopants and the activator, divalent ions have been shown to
change the activator to a tetravalent charge state. This charge transfer, exhibited
by an increase in absorbance intensity below 400 nm for Ce3+ to Ce4+ and below
600 nm for Pr3+ to Pr4+(Figure 2.9), allows for faster luminescence exhibited by an
acceleration in the scintillation decay time [41-43, 47, 48].
In addition to the charge transfer of the activator, it has been reported that
divalent codoping can negatively affect the performance within the garnet matrix.
Fang et al examined when Ca2+ codoping GGAG: Ce and monitoring the PL before
and after air annealing (Figure 2.10). The presence of the emission band around
400 nm was determined to be the F+ color center. This color center is introduced
by divalent codoping in addition to the Ce3+ to Ce4+ charge transfer of the activator
and was confirmed after complete elimination after air annealing.
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Figure 2.9. Absorbance spectra of GGAG: Ce (left) and LuAG: Pr displaying the
activator charge transfer band to a tetravalent state present after divalent
codoping [41, 47].
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Figure 2.10. PL of Ca2+ codoped GGAG: Ce showing the for F+ emission band at 400
nm responsible for poor scintillation.
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Monovalent Codoping of Garnet Scintillators
Investigations of the scintillation performance of garnets after monovalent
codoping with ions have focused on lithium. Particularly, lithium codoping of
cerium doped garnet scintillators, like GGAG: Ce, LuAG: Ce, and YAG: Ce, reportedly
affects the light yield and decay time by either altering the charge state of the
activator or by suppressing traps in the lattice [49-54].
Figure 2.11A depicts the effect of lithium codoping on the scintillation light
yield of LuAG: Ce single crystals. It was reported that light yield and scintillation
decay time improved significantly compared to non-codoped LuAG: Ce. In
connection with these, Figure 2.11B shows the effect of lithium concentration on
the presence of the host luminescence related to anti-site defects in LuAG: Ce. With
the incorporation of lithium into the matrix, the defect related emission is
suppressed, which could account for the enhancement of scintillation properties
[50, 52].
Reports of monovalent codoping in the GGAG matrix yield very different
results, however. Yoshino, et al report that Li+ codoping of GGAG: Ce promotes the
charge transfer of Ce3+ to Ce4+ causing a decrease in scintillation light yield and an
acceleration in decay time. But the other monovalent codopant, Na+ and K+ show
little effect on the scintillation performance [53]. Other than this report, there have
been no other comprehensive studies on the monovalent codoping of cerium or
praseodymium doped garnet scintillators.

40

(A)

(B)

Figure 2.11. (A) The pulse height spectra of LuAG: Ce single crystals with and
without lithium codoping [52]. (B) Emission spectra of LuAG: Ce, Li ceramics with
the LuAl anti-site defect emission as the inset [50]
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Current Garnet Scintillators in Medical Imaging Applications
The promising characteristics of multicomponent garnet scintillators have
thrusted them into near operation in the field of medical imaging. The high density,
ease of growth and machinability, and tunable scintillation properties are just a few
of the positive characteristics for these materials. GGAG: Ce is considered a
promising scintillator for the future of PET imaging due to the combination of high
light yield and decent energy resolution. However, the relatively intermediate
scintillation decay time is still to be improved upon before any commercial
implementation in coincidence sensitive applications, like TOF-PET [25].
Showing similar characteristics as in single crystal form, more recent
commercial applications of GGAG: Ce have been in ceramic form for X-ray CT due
to the lower cost of manufacturing, higher stability in ceramic form, and lower
importance for-fast scintillation. Figure 2.12 depicts a plate of ceramic GGAG: Ce
before and after it is coupled to an imaging device. Typical improvements would be
in the optical quality of GGAG: Ce ceramics and improvements in the energy
resolution for better detection efficiency in CT imaging [55, 56].
The good energy resolution of LuAG: Pr (4.6%) coupled with its high light yield and
fast scintillation decay time have prompted the implementation of LuAG: Pr arrays
in Positron Emission Mammography (PEM) (Figure 2.13). this medical imaging
technique is specifically for the detection of tumors in breast tissue. Spatial
resolutions of 1.1 mm and 4.8 mm have been achieved using 22Na and 18F point
sources, respectively, in 20 x 64 pixelated arrays [57]. Further improvements by
increasing the light yield of LuAG: Pr scintillators from ~20,000 ph/MeV and
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Figure 2.12. GGAG: Ce ceramic plate (left). Coupled to CT device (center). Covered
with reflective film (right)
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Figure 2.13. PEM detector components containing LuAG: Pr array (left), full scale
PEM detector system (center), mammogram showing
(right) [57].
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18

F image in breast tissue

sharpening the resolution even lower than 4.6% would be beneficial for further
operation of LuAG: Pr scintillators in PET imaging.

Expansion to Current Work
The following chapters of results are an expansion of the concepts presented
in the introductory chapters combining the efforts of admixing and codoping of
garnet scintillators on the growth and performance for potential applications in
medical imaging, with the specific emphasis on PET imaging. In this dissertation, we
focus on the garnet scintillator, praseodymium doped lutetium-yttrium aluminum
garnet (LuYAG: Pr) and we codoped this material with monovalent ions, namely,
Li+, Na+, and K+. The effect of codopant concentration and codopant type on the
crystal growth and scintillation performance are measured and analyzed to develop
a complete story about this method of optimizing scintillator performance. Special
attention was given to the dependence of dopant/codopants concentration, as well
as, the behavior of each sample under various atmospheric conditions. Ultimately,
the results from this investigation are used to determine the viability of this method
of altering scintillator performance as a means of possible interest in the field of
oxide scintillator development for applications in medical imaging.
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CHAPTER THREE
EXPERIMENTAL METHODS
The following chapter details the steps taken in the many experimental
techniques implemented in this dissertation. Effort is made to go into specific detail
for each method and figures are used for additional supplement.

Materials Synthesis and Sample Preparation
Single Crystal Growth via Czochralski Method - Materials Selection and Growth
Technique
Once the composition is chosen, an Excel spreadsheet similar to the one
shown in Figure 3.1 is used to calculate the mass of the charge. After first checking
each 60 mm diameter iridium crucible’s integrity, the mass of the selected crucible
is measured. The balance is tared with the crucible mass recorded, then the crucible
is filled with deionized water until the water line is 7 mm below the brim. The mass
of the crucible filled with water is recorded as the volume of the water. This volume
can be directly converted to the volume of the liquid charge if both the density of
water (1 g/cc) and the density of the composition are known. We often assume that
the liquid density of the composition is 10% less than the solid density.
Using the values calculated on the Excel spreadsheet, the high purity raw
powders of the main constituents are weighed into a 1000 mL Nalgene bottle. After
loading, the bottle was manually shaken for 15-20 minutes to allow for proper
mixing. The dopant compounds are weighed separate from the main constituents.
After mixing, the mixed raw powders and the dopant compounds are added
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Initial melt composition
Pr at. %

Li at %

total weight
of sample (gm)

1.192

0.610

809.70

Pr mol %
3.575

Li mol %
1.830

Pr (wt. ppm)
7758

Li (wt ppm)
862
weight/mole
of (Lu,Y)3Al5O12: Pr

Lu2O3
Al2O3
Y2O3
Pr6O11
Li2CO3
Total

439.609
254.903
83.153
6.085
0.676
784.427

sample
weight
453.772
263.115
85.832
6.281
0.698
809.70

volume of
liquid (cc)
144.64

Lu =
Al =
O=
Pr =
Li =
C=
Y=

(Lu0.75,Y0.25)3Al5O12 =
Lu2O3 =
Al2O3 =
Pr6O11 =
Y2O3 =
Li2CO3 =

solid density=
liquid density=

6.22
5.59803

174.967
26.982
015.999
140.907
6.938
12.011
88.906

estimating the density from a known similar crystal:
FW Lu3Al5O12=
851.801495
FW (Lu,Y)3Al5O12= 787.256
Ratio:
0.924224423
Density LuAG =

787.256
397.9322
101.961
1021.4354
225.8102
73.8852

6.73
6.220030365
IONIC RADII
Lu
Y
Pr
Li
Al

CN

0.977
1.019
1.126
0.92
0.535, 0.39

8
8
8
8
6, 4

Checking that the dopants have the desired ratio:
grams dopant oxide
moles dopant
6.281
0.0061
0.698
0.0031

Figure 3.1. Spreadsheet used to calculate mass of crucible charge in CZ growth using the density of the

composition and formula weights of the elements that make up the composition.
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directly into the crucible selected for the growth. A small 100 mL Pyrex beaker is
used to firmly press the powder into the crucible. This allows for optimum filling
capacity, although, you are only able to load about 30% of the full charge into the
crucible (Figure 3.2).
To complete the process of cold loading, the filled crucible is placed in a
position within the furnace represented in Figure 3.3A. A chimney is created using
six insulation tubes (one containing the hole for the viewport) (Figure 3.3B), and
two sets of lids are placed at the top. Finally, a pressed alumina housing surrounds
the chimney and high temperature rope is used to secure the full insulation
package (Figure 3.3C).
Next begins the process of hot loading. The Cyberstar Oxypuller furnace
(Figure 3.4) is powered by a Huttinger RF generator that can be controlled internally
or externally with the Cyberstar 2009 software. As the name states, hot loading
involves loading the remaining charge while the furnace is heating or hot. Using the
computer, the furnace power is ramped up to a decent power setting (relative to
previous growths) over a long period of time. The ramp must begin at 1% or there
will be a “mismatching” error. Typical beginning ramps are to 35% over 24 hours or
longer.
Powder is slowly added to the crucible using a quartz tube within a water
cooled bellows connected to a Teflon feed screw and the Nalgene bottle containing
the charge. Figure 3.5 depicts the process of hot loading with the feed screw. In this
process the funnel-tube apparatus is lowered to about 10 cm above the crucible
before the feed screw is turned to fill the crucible. The filling process is timed to 12 minutes to ensure limited heat exposure of the quartz tube. When time expires
the tube is raised to the upper limit and cooled for a few minutes before repeating
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Figure 3.2. Iridium crucible loaded with raw powder charge. Only about 30% of the
full charge is able to be loaded into the crucible. The black specks are dopant
material on the surface.
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A

B

C
Figure 3.3. (A) schematic of the inner insulation of the CZ furnace with the location
of the crucible indicated (B) chimney insulation created by tubing, (C) full insulation
package of the Cyberstar Oxypuller CZ furnace.
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Figure 3.4. Cyberstar Oxypuller Czochralski Furnace (center) with computer
controls (left) and RF generator (right) used for the crystal growth in this
dissertation project.
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the filling process. It is not necessary for the powder to be completely melted
during hot loading; however, to prevent overfilling or spillage, the powder should
begin sintering at the chosen power setting.
Once hot loading is complete, the next step is to hang the seed. Before the
seed is hung, it is best if the charge is completely melted in the crucible. In the case
of these growths, a LuAG: Ce seed oriented in the <111> direction was hung in the
way represented in Figure 3.6. After verifying the rod is straight and adjusting
rotation as necessary, the seed is ready to be lowered and touched down.
In order to prevent thermal shock, the seed must be lowered at an
acceptable rate of 5 mm/min, the minimum translation rate on the Approach tab
of the Cyberstar growth software. When the seed is visible in the viewport, change
the settings to manually control translation using the handheld remote and
continue to lower slowly. When touchdown occurs, it should be visible in the
viewport. The temperature difference between the melt surface and the seed will
cause an “island” to form around the seed (Figure 3.7A). The power setting must
be increased until this island disappears, and a meniscus appears on the corners of
the seed (Figure 3.7B). When proper seeding has occurred, the growth program can
be initiated, implementing a parameter file that automatically controls the
translation rate, rotation rate, and power supply all by monitoring the crystal
weight over time until termination. For the crystals grown in this study, the
translation and rotation rates were between 1.0 and 1.2 mm/h and the rotation
was between 10 and 11 rpm. The power at growth ranged between 38% and 45%
of the Huttinger generator output. Figure 3.8 depicts the graphic user interface of
the Cyberstar 2009 program during growth.
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Figure 3.5. Demonstration of hot loading procedure on Cyberstar Oxypuller
Furnace. Camera Foster is depicted using the Teflon corkscrew to feed powder
material from the Nalgene bottle to inside the crucible.
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Figure 3.6. LuAG: Ce seed hung at the end of an iridium seed rod above the
Cyberstar Oxypuller Furnace. The black residue is oxidized powder on the surface
of the seed. The true color is green seen near the bottom of the seed.

54

A

B

Figure 3.7. Seed touched down on the surface of the melt forming an (A) island
around the seed. Power adjustments are made to achieve (B) meniscus, indicative
of proper contact before growth.
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Figure 3.8. Graphic user interface of the Cyberstar 2009 software depicting the real time growth
parameters following the parameters set in the files.
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Unfortunately, the growth stability decreases as the melt volume decreases;
therefore, only 50% of the full charge mass is solidified during growth. At the end
of the growth program, the termination can be either by manual extraction or by
freezing in the melt. During extraction, the crystal is raised from the melt at
1mm/min and the mass is monitored. Due to the surface tension of the melt, the
mass will increase, reach a maximum value, decrease, and plateau signifying
complete detachment from the melt surface. This mass change at extraction is
depicted in Figure 3.9. Following these changes in mass, the crystal is then raised
an additional 10 mm before cooldown is initiated. When freezing in the melt there
is no extraction and cooldown is started at the end of the growth program.
Cool down durations are anywhere between 24-48 hours and reach a power
setting of 0%. It is customary to wait an additional 24 hours before opening the
furnace to ensure complete cooldown to room temperature. From start to finish,
the entire growth process can take anywhere between 5 and 10 days depending on
the growth rate. Table 3.1 presents the series of LuYAG based scintillator crystals
grown for this study. It should be noted that the concentration values presented
are for the nominal amount loaded into the crucible. The actual value of atomic
percent (at%) is expected to be less due to the segregation of dopant elements
within the crystal during growth.
Sample Cutting and Polishing
After growth, each boule is removed from the furnace and mounted on a
glass plate using epoxy before being cut into slabs using a Buehler Isomet Abrasive
Saw equipped with a Diamond coated blade. To prevent cracking during processing,
first cuts are made from the tail end of the boule and continued toward the
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Figure 3.9. Plot of mass change during boule extraction
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Table 3.1. LuYAG based scintillator crystals grown via CZ method and
characterized in this dissertation
Boule ID

Sample Name

Dopant

at%*

Codopant

at%*

S-181

LuYAG: Pr

Pr

0.2

S-215

LuYAG: Pr, 0.2% Li

Pr

1.2

Li

0.2

S-216

LuYAG: Pr

Pr

0.4

S-217

LuYAG: Pr, 0.8% Li

Pr

0.4

Li

0.8

S-220

LuYAG: Pr, 2.0% Li

Pr

0.4

Li

2

S-223

LuYAG: Pr, 0.2% Li

Pr

0.4

Li

0.2

S-226

LuYAG: Pr, 2.4% Li

Pr

1.2

Li

2.4

S-227

LuYAG: Pr, 6.0% Li

Pr

1.2

Li

6

S-229

LuYAG: Pr, 0.6% Li

Pr

1.2

Li

0.6

S-231

LuYAG: Pr, K

Pr

1.2

K

0.6

S-233

LuYAG: Pr, Na

Pr

1.2

Na

0.3

S-234

LuYAG undoped

S-235

LuYAG: Pr

Pr

1.2

S-236

LuYAG: Pr, Na

Pr

1.2

Na

0.6

*Nominal values of concentration relative to the Lu ion added directly to
crucible
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Figure 3.10. Schematic of the cutting procedure utilized on each grown crystal
along with the Buehler Isomet Abrasive Saw equipped with a Diamond coated
blade used.
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Figure 3.11. Cut and polished LuYAG: Pr single crystals prepared for
characterization. 1 mm thick slab (left) and 5 x 5 x 5 mm cube (right).
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shoulder as depicted in Figure 3.10. Once 5 mm or 10 mm thick plates of the full
diameter are cut, they are adhered to a glass plate using Crystal bond and cut into
5 x 5 x 5 mm cubes or 1 cm3 cubes. Slabs of 1 mm thickness are also cut. Finally,
Buehler Carbimet silicon carbide grinding pads with 240, 400, 600, 800, 1200 grit
are utilized to polish, sequentially, using water as a lubricant and washing with
isopropanol after each grit. Polished cubes and plates are represented in Figure
3.11.

Material Characterization Techniques
X-ray Diffraction
In this work, XRD was performed at the Joint Institute for Advanced Materials
(JIAM) Diffraction Facility, located at the University of Tennessee, Knoxville on
finely powdered single crystals. The samples are first loaded on a zero background
silicon plate holder, similar to the one depicted in Figure 3.12A. Then the samples
are mounted on the sample stage within the Panalytical Empyrean Diffractometer
(Figure 3.12B), and the stage is raised and spun at 8 RPM. The X-ray was powered
at 45 kV and 40 mA. Before reaching the sample, the beam entered a
programmable divergence slit containing 0.04 rad soller slits, a 10 mm mask, and a
1/4° anti-scatter slit. The diffracted beam also travels through a programmable antscatter slit containing soller slits, as well as a nickel filter, before reaching the
PiXcel3D detector. Each scan was programmed to run a 1D line scan for 15-20
minutes.
Spectra collected from this measurement were plotted and compared to PDF
cards within the International Crystal Structure Database (ICSD) for crystal phase
62

A

B

Figure 3.12. (A) Powder on silicon background plate sample holder. (B) Panalytical
Empyrean diffractometer with incident and diffracted beam optics
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identification.
X-ray Luminescence
X-ray luminescence was measured at room temperature to determine the
wavelength of emission from ionizing radiation on 5x5x5 mm samples. The cubed
samples were configured in reflection mode, where a CMX003 x-ray generator and
an Acton Spectrapro 2-150i dual grating monochromator are oriented at 90° in a
light tight box (Figure 3.13). The X-ray generator was powered at 35 kV and 0.1 mA
and the output from a docked PMT, powered at 900 V, was fed to a computer
operating with an Acton Spectrasense software package. The detection range was
set to 200-530 nm with a step rate of 1 nm before data was acquired. The
integration time was 10 with 10 reads per point. Each scan took about one minute
to complete, and data from each scan was normalized to the maximum intensity
when plotting.
Optical Measurements – Absorbance and Photoluminescence
In this technique we collect absorbance spectra of polished, ~1 mm thick,
codoped

LuYAG: Pr

samples using a Varian

Cary 5000 UV–Vis-NIR

Spectrophotometer. To calibrate the instrument before measurement, the system
is first zeroed, then a baseline correction is recorded by collecting 100% and 0%
transmittance samples when the sample plate is open and covered with black
electrical tape, sequentially. After the correction, the polished sample disk is loaded
into the compartment presented in Figure 3.14 and the program is run from 800200 nm.
Additionally, we measured the photoluminescence (PL), or light emission
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Figure 3.13. Reflection mode of x-ray luminescence measurement featuring the xray generator perpendicular to the monochromator with the 5 x 5 x 5 mm sample
oriented at 45° between.
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Figure 3.14. Varian Cary 5000 UV-Vis-NIR Spectrophotometer sample compartment
with a calibrated reference stage and sample stage.
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after the absorption of photons, with a Horiba Jobin Yvon Fluorolog-3
Spectrofluorometer coupled with a 450 W continuous Xenon lamp as the excitation
source, double-grating excitation and emission spectrometers, and an R928 PMT
powered at 950 V (Figure 3.15A). Samples in this measurement are oriented 45°
between the excitation and emission spectrometer and covered with a lid to
prevent any light leakage (Figure 3.15B). Using FluorEssence 2.5 powered with
Origin 7.5, the photoluminescence excitation (PLE) is measured given the x-ray
luminescence emission. The range for detection is set where the octave of the
emission wavelength will not be detected, and the slit width is set to 1 nm. The PLE
measured is then used for determining the PL emission in a similar way, and the
process is repeated multiple times for each sample.
Pulse Height Spectra – Absolute Light Yield & Energy Resolution
One of the most important analytical measurements for determining the
performance of scintillating materials is pulse height spectra. Collecting this data
allows us to determine the efficiency of the material in terms of the visible light
produced via the scintillation mechanism. This light is detected through the
implementation of a photomultiplier tube (PMT) that works due to the principles
of the photoelectric effect and the creation of secondary electrons.
Depicted in Figure 3.16A, light emitted from the scintillator first interacts the
photocathode of the PMT and the incident photons are converted into electrons
through the photoelectric effect. The electrons produced then travel through
dynodes within the PMT where secondary electrons are created at each dynode,
multiplying the total number of electrons. Finally the electrons reach the anode
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B

A

Figure 3.15. (A) Schematic of the Horiba Jobin Yvon Fluorolog Spectrofluorometer
used to collect PL and PLE. (B) Image of the sample compartment within the
Spectrofluorometer.
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A

B

Figure 3.16. (A) Drawing of the conversion of scintillation light into detected voltage
through photomultiplier tube (PMT) adapted from (reference). (B) Schematic of the
pulse processing chain for collecting pulse height spectra.
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where the signal is transformed into an electrical current and sent to the next
element in the processing chain (Figure 3.16B).
In this study, the electrical current created in the PMT is then sent to a
Canberra model 2005 pre-amplifier where the signal is converted into a voltage.
The output voltage from the pre-amplifier was input in an Ortec 672 amplifier with
a gain setting of 10 coarse and 0.5 fine totaling to 5. To ensure total light collection,
the shaping time of the amplifier was set to 10 µs. Finally, the amplified signal is set
to a multi-channel analyzer (MCA) where the signal within the threshold setting can
be plotted to create the pulse height spectra.
For light yield measurements, a 5 x 5 x 5 mm sample was coupled to a
Hamamatsu R2059 Bi-alkali PMT powered at -1500 kV with DOW corning Q2-3067
optical grease and covered with multiple pieces of Teflon tape and a Spectralon
dome as depicted in Figure 3.17A. Each sample was excited with two 5 µCi

137

Cs

gamma sources for 10 µCi total photoactivity at 662 keV gamma energy. Following
the process prescribed by Moszynski, et al, the absolute light yield is calculated
using the equation below where the photopeak of a single photoelectron (SPE) is
determined by measuring the PMT’s response with no excitation or sample at the
maximum gain setting, and the quantum efficiency (QE%) is determined by the xray luminescence[58].
𝑆𝑃𝐸𝑔𝑎𝑖𝑛
𝑃𝑒𝑎𝑘𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑
]×[
]
𝐺𝑎𝑖𝑛
𝑆𝑃𝐸𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑

[
𝑁𝑝ℎ
⁄
𝑀𝑒𝑉 = (

𝐺𝑎𝑚𝑚𝑎 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑀𝑒𝑉)

) × 𝑄𝐸%

(3.1)

The energy resolution was collected using the same pulse processing chain;
however, the PMT used was a Hamamatsu R6231 as depicted in Figure 3.17B, and
the power supplied was -1000 kV. By fitting the full energy deposition peak with a
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A

B

Figure 3.17. (A) Hamamatsu R2059 PMT used for absolute light yield measurements
with a sample mounted and gamma sources used for excitation. (B) Hamamatsu
6231 PMT used for collecting pulse height spectra for energy resolution
determination.
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gaussian curve, the energy resolution can be determined by dividing the full width
half maximum of the peak by the mean pulse height channel value of the energy
peak [1]. This value for each sample is reported as a percentage.
Scintillation Decay Time – Bollinger-Thomas Method
The decay time was measured using the time-correlated single photon
technique, a method first developed by Bollinger and Thomas. The principle of this
method relies on the concept that if the number of detected single photoelectrons
in the stop PMT is very small (<5%) compared to the number in the “start” PMT the
time difference between the “start” and “stop” triggers is statistically dependent
on the scintillation decay time [59].
In this work, the scintillation decay times were acquired for each sample by
using the pulse processing chain depicted in Figure 3.18. Two Photonis XP2020Q
PMTs supplied with -1700V by an NHQ 203M Multi-high voltage power supply are
oriented at 90° around the sample, with an aperture in front of the “stop” PMT.
The anode signal from the start PMT goes then to a Phillip 776 amplifier with a gain
setting of 10, then to an Ortec 935 constant fraction discriminator (CFD) with a
threshold (T) of -60 mV, an output width (W) of 100 ns, and a walk adjustment (Z)
of -1.3 mV. The anode signal from the stop PMT goes to an Ortec 820 amplifier with
a gain of 200 and a similar CFD with settings of T = -50 mV, W = 100 ns, and Z = -1.3
mV, before reaching a Canberra 410A Delay Gate Generator where the delay period
is set to 200 ns and the gate is set to 700 ns. Then the signal from the CFD of the
“start” and the delay of the “stop” both are input into an Ortec 567 Time to
Amplitude converter (TAC) and Single channel analyzer (SCA) with a range of 5 μs.
The SCA output is input into an Ortec 994 counter/timer with a display preset of
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Figure 3.18. Schematic of the pulse processing chain utilized for scintillation decay time measurements in
the method prescribed by Bollinger and Thomas (56)
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1 x 102 and a time base of 0.01 seconds. The output of the TAC is input into a Tukan
8k MCA for displaying the scintillation decay curve.
The start count rates are monitored on the counter and are typically
anywhere between 1000 and 10,000 cps. The count rate of the stop PMT is adjusted
to be <5% of the start by adjusting the sample position and the aperture opening.
Each measurement was acquired for 900-1500 seconds.
The curves obtained through the MCA are plotted and the x-axis is converted
using a time scale calibration for the TAC. Each decay curve was fit using a threecomponent exponential decay equation (Equation 3.2), where τ gives us the decay
time constant and A is the amplitude of the related time constant and can
determine the weight of each component.
𝑦 = 𝑦0 + 𝐴1 𝑒

−(𝑥−𝑥0 )
𝑡1

+ 𝐴2 𝑒

−(𝑥−𝑥0 )
𝑡2

+ 𝐴3 𝑒

−(𝑥−𝑥0 )
𝑡3

(3.2)

Thermoluminescence
In this dissertation, thermoluminescence measurements were completed by
mounting the samples on a copper sample stage with EpoTek H20E silver epoxy and
loading the sample stage in an ARS 8200 cryostat system coupled with a Lakeshore
331 temperature controller. Figure 3.19 depicts the TL setup within a light tight
box. Using a Savant VLP200 vacuum pump, the system was then evacuated to
below 20 mTorr. To release any traps, the sample was heated to 550 K, and after
complete detrapping (~30 minutes), the sample was then cooled to 15 K and
irradiated with x-rays from a CMX003 x-ray generator for 15 min. Finally, the
sample was heated to 550 K at a rate of 0.05 K/s. Light emitted after the thermal
release of traps was collect by a Hamamatsu R2059 PMT. The output signal from
the PMT and the thermocouple readouts within the cryostat chamber are input
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Figure 3.19. Thermoluminescence (TL) setup within light tight box containing the xray generator and PMT surrounding a sample mounted within a cryostat chamber.
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into a desktop computer running LabVIEW 2011 in order to plot the intensity from
the PMT as a function of temperature.
The

output

file

from

the

TL

measurement

is

input

into

a

Thermoluminescence Simulation (TL SimFit) program that, assuming first order
kinetics, fits the peak intensities and widths of the glow curve to determine the
energy needed for trap release, E, using the expression developed by Randall and
Wilkins [60]:
𝐸

𝑠

𝑇

𝐸

𝐼(𝑇 − Δ𝑇) = 𝑛0 𝑠 𝑒𝑥𝑝 ( ) 𝑒𝑥𝑝 ( ) ∫𝑇 2 𝑒𝑥𝑝 ( ′ ) 𝑑𝑇 ′
𝑘𝑇
𝛽
𝑘𝑇
1

(3.3)

where ΔT is the thermal lag between the sample and the heating element, typically
2-3 K, n0 is the initial concentration of filled traps, s is the frequency factor, β is the
heating rate, and k is the Boltzmann constant.
Afterglow
Measurements of afterglow were completed on samples coupled to a
Hamamatsu R2059 PMT and covered with multiple layers of Teflon tape (Figure
3.20). The PMT was powered at 1500 kV by an Ortec 556 high voltage power supply.
The CMX003 x-ray generator was operated at 35 kV and 0.1 mA for 20 minutes
before the power was terminated. The total run length was 14,000 seconds with
10,000 samples per integration and a sampling rate of 40,000. LabVIEW
programming software was used to plot the PMT intensity versus time, and the
output file was exported for analysis. The curve was fit using an exponential
function (Equation 3.2).
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Figure 3.20. Image depicting the layout of afterglow measurements with the
sample coupled to a PMT, covered with Teflon tape, and excited by x-rays.
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CHAPTER FOUR
CRYSTAL GROWTH AND SCINTILLATION PROPERTIES OF
MONOVALENT CODOPED LUYAG: PR
Many of the results from this chapter have been submitted to a peerreviewed journal by Camera Foster with the approval of her co-authors. Some
alterations to the content were made for a better flow within the dissertation as a
whole. The full citation for the submitted manuscript is as follows: C. Foster, Y. Wu,
M. Koschan, C.L. Melcher, “Czochralski Growth and Scintillation Properties of Li+,
Na+, and K+ Codoped LuYAG: Pr3+ Single Crystals”. Journal of Crystal Growth, 2019,
submitted for review. The author would like to acknowledge the co-authors for
their effort toward this study.

Motivation
As mentioned in Chapter 2, much effort has been put into the development
of aluminum garnet scintillators for medical imaging applications, specifically, PET.
Additionally, codoping of garnet scintillators has been reported many times as a
promising way to improve both growth stability and scintillation properties.
However, very few reports have investigated the full impact of monovalent ions
such as Li+, Na+, and K+ on the performance of garnet scintillators. One article by
Yoshino, et al presented results on the scintillation performance of monovalent
codoped GGAG: Ce. They stated that lithium codoping decreased scintillation light
yield and accelerated decay time values due to the onset of Ce4+ charge transfer
band, while sodium and potassium had little to no effect on the scintillation
performance [53].
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Within the same matrix, Pr3+ can yield a higher energy of emission and a
faster decay time; however, very few studies on garnet scintillators activated with
Pr3+ exist over Ce3+ activation [15, 30]. Therefore, our study expanded the
investigation of monovalent codoping to the performance of praseodymium (Pr3+)
doped Lu0.75Y0.25Al5O12 (LuYAG) single crystals grown via the CZ method due to
recent reports of favorable scintillation performance and potential for
improvement of cerium doped garnets [36].
In general, CZ grown garnet crystals experience harsh environments within
the furnace chamber that can adversely affect the growth stability and contribute
to the formation of intrinsic defects, i.e. oxygen vacancies, that negatively affect
the scintillation performance. Furthermore, the growth stability is often associated
with the formation of extrinsic defects, such as stoichiometric deficits and facets,
that can make growth difficult [26, 61-63]. Issues with stoichiometry, are often
combatted by adding excess material, for instance excess Ga in GGAG to
compensate for high vapor pressure in melt or by admixing more than one RE3+ ion
[64, 65].
In this section we present a comprehensive report of the performance of
LuYAG: Pr single crystals codoped with the monovalent ions: Li+, Na+, and K+. Special
care was taken to understand the proper growth conditions to yield a crack-free
single crystal from the CZ method. Through our investigation we hope to reveal the
influence of monovalent codopants on the scintillation properties of LuYAG: Pr
single crystal scintillators.
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Optimizing CZ Growth of Monovalent Codoped LuYAG: Pr
Early in the investigation of monovalent codoped LuYAG: Pr, it was
discovered that many of the crystals grown had the propensity to crack, regardless
of dopant/codopant concentration. The cracking began around the shoulder
region, where the diameter increases from the neck to full diameter and continued
during the growth. Also, many of the crystals had a tail shape that is indicative of a
“deep interface” where the balance between convective and rotational flows
produce a shape that is subject to cracking at extraction due to thermal stresses
within the furnace (Figure 4.1).
Yoshikawa, et al reported similar issues in cracking in the shoulder and tail
region of LuAG: Pr in 2013 [66].They discovered that cracking at the shoulder was
attributed to the high thermal stresses due to the large shoulder-cone angle in the
geometry. The problem was resolved by reducing the shoulder-cone angle from a
wide 90° to a narrower 45°. The crystal rotation rate was increased to change the
shape of the tail. The motivation behind this stems from the competing flows that
exist within the melt. As the crystal rotation increases, the melt flow induced by
the crystal rotation is dominant, resulting in an interface shape that flatter [63].
This change should yield less cracks near the tail end of the boule. A schematic of
the changes from [66] is presented in Figure 4.2.
By keeping the thermal conditions the same between growths and altering
the crystal growth geometry and parameters, we completed two growth
experiments aimed at optimizing the crystal quality of LuYAG. The growth
parameters and boule geometry for each experiment in the optimization study can
be found in Table 4.1.
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Figure 4.1. LuYAG: Pr (A) and Li codoped LuYAG: Pr (B) single crystal boules grown
via the CZ method with cracking throughout the boule length and a sharp tail shape
indicative of a deep solid to liquid interface.
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Figure 4.2. Schematic combatting cracking at shoulder and tail in CZ growth by
reducing the shoulder-cone angle and decreasing tail depth [66].
.
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Table 4.1. Growth parameters and boule geometry utilized in crystal growth
optimization study

Seed Length
Shoulder-Cone
Angle
R|T rate
Cooldown
Duration
Extraction Method

Original Growth
Parameters

Experiment #1

Experiment #2

20 mm

30 mm

20 mm

wide: 75°

narrow: 44°

narrow: 44°

10 RPM|
1.2 mm/h

11 RPM|
1.0 mm/h

11 RPM|
1.0 mm/h

36 hours

48 hours

48 hours

Manual at
1 mm/min

Manual at
1 mm/min

None
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In the first growth experiment in the crack mitigation study, we examined
how changing the geometry as well as the growth parameters could alter the
growth of a LuYAG single crystal. Additionally, we monitored the effects of the
interface shape without the influence of any codopants, as they can sometimes
influence the melt flow [67, 68]; therefore, an undoped crystal of LuYAG was grown
via the CZ method. The results of the first growth attempt are in Figure 4.3.
Changing the growth parameters and geometry resulted in a boule with cracking
still in the shoulder region and an interface shape that was unchanged regardless
of the absence of the dopants. However, the cracking did not propagate
throughout the full diameter of the boule, different than initial growths of LuYAG.
Changing the rotation and translation rate can positively affect the stability of the
growth throughout the full diameter; however, the thermal gradient within the
furnace yields the same tail shape as in the initial growth runs.
Table 4.1 also lists the growth parameters utilized for the second growth
experiment to mitigate cracking. Due to the results from the first growth proving
that the shape of the interface is not dependent on dopants, the second growth
focused on controlling the tail shape all the way until growth end. In order to do so,
the crystal was tapered to a fine tail and allowed to freeze in place in the melt to
avoid the thermal shock that can accompany extraction. The narrow shoulder-cone
angle of 44° was unchanged; however, the neck length was shortened slightly to
remove cracking at the shoulder.
The crystal grown was a 1.2% Pr doped LuYAG. and the results from the
second growth attempt were a pristine, crack-free crystal presented in Figure 4.4A.
Repetition of success was tested with the growth of a Na-codoped LuYAG:1.2% Pr,
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Figure 4.3. Undoped LuYAG boule in the CZ furnace. Cracks are still present at the
shoulder and tail although the body of the boule is crack free
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Figure 4.4. (A) LuYAG: 1.2% Pr crystal boule resulting from growth attempt #2. (B)
Repeated growth with Na codoped LuYAG: Pr showing high optical quality. (C) 5 x
5 x 5 mm3 pixels of monovalent codoped LuYAG: 1.2% Pr tested in this study.
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crystal under identical growth parameters and geometry as the second growth
attempt (Figure 4.4B).
The optical quality of the crystal again was high with no cracks or inclusions
present throughout the boule length. By changing the crystal geometry as well as
the translation and rotation rate, we were able to mitigate cracking after two
growth attempts with repeatable success. Regardless, transparent 5 x 5 x 5 mm3
pixels were cut from the boules in the study for analysis of properties (Figure 4.4C).

Effect of Monovalent Codoping on LuYAG: Pr
Elemental and Structural Analysis of Crystals
In this study we analyze the properties of LuYAG: 1.2% Pr single crystals
codoped with 0.6% Li, 0.3% Na, and 0.6% K. Powdered samples of the crystals were
sent to Galbraith Laboratories, Inc. for elemental analysis through inductively
coupled plasma optical emission spectroscopy (ICP-OES). This technique is
considered efficient in analyzing the concentration of light elements, such as
lithium. Table 4.2 presents the values of the nominal dopant and codopant
concentrations compared to the actual concentrations in parts per million (ppm)
by weight received from ICP-OES measurements completed on each crystal in this
study.
The nominal concentrations of Pr for each sample was around 7800 ppm by
weight for each sample while the nominal codopant value ranged from 862-1611
ppm by weight due to the atomic mass difference between Li, Na, and K. The ICPOES values of Pr for all samples was much less than the nominal concentration. The
calculated dopant value ranged from 517-679 ppm.
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Table 4.2. Nominal and analyzed dopant and codopant concentrations
measured via ICP-OES
Values determined via

Nominal Concentration
C0Pr

Codopant

C0co

(ppm†)

(at%)

(ppm†)

1.2

7787

-

1.2

7758

1.2

1.2

Pr (at%)
LuYAG: Pr
LuYAG:
Pr, Li
LuYAG:
Pr, Na
LuYAG:
Pr, K

ICP-OES (ppm†)
CsPr

Csco

-

668

-

0.6

862

606

< 99*

7743

0.3

986

517

< 66*

7748

0.6

1611

679

< 62*

†ppm values are by weight *best detection limit available
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For the monovalent codopants, the quantities reported in the ICP-OES
results were less than the best detection limit available. However, in CZ growth of
these crystals, we take great care to mitigate any losses by adding codopants
directly to the crucible during cold-loading. And although we are aware of the
volatility of some of the codopants, in particular lithium, it is clear from the
scintillation measurements presented in the following section, that the codopants
are indeed there.
By using the formula represented in Equation 4.1, where Cs is the calculated
dopant concentration, Co is the nominal concentration, and g is the solidification
fraction, the effective segregation coefficient of codopants in LuYAG (keff) can be
determined [69].
𝐶𝑠 = 𝐶0 𝑘𝑒𝑓𝑓 (1 − 𝑔)𝑘𝑒𝑓𝑓−1

(4.1)

Considering the percent of the melt frozen was the same for all crystals
grown in this study at 50%, and all the samples were collected from the lower half
of the grown boule length, we can assume the value of the solidification fraction
(g) to be ~38%.
Using Equation 4.1, a graphical representation of keff versus Cs was created
in Mathematica and is presented in Figure 4.5. Using a first order linear
interpolation, the value of keff was determined given the calculated value of Cs
reported from the ICP-OES measurements. The input code for this calculation is
presented in Appendix A. The value of the effective segregation coefficient (keff) of
Pr in LuYAG single crystals was calculated to be between 0.042-0.056. Although this
value is extremely low considering the amount of dopant added nominally, it is
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Figure 4.5. Graphical representation of the normal freezing equation [69] where
g = 0.38. The straight lines signify the linear interpolation of the keff given the
reported Cs value from ICP-OES.
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similar to other reports of Pr3+ distribution in analogous LuAG single crystals [7072].
Taking the value of codopant concentration determined by the best
detection limit and following the same procedure completed for Pr concentration,
keff can also be calculated for the monovalent codopants within LuYAG. And
although the value reported is very small, the segregation coefficient is found to be
less than 0.07, 0.04, and 0.02 for Li, Na, and K, respectively. While the values are
on the same order of magnitude as the value calculated for P, the values detected
are all below the detection limit (~110 ppm) and cannot be taken accurately.
Ultimately, the combination of our results and the warnings from Yoshino, et al
may reveal that while ICP-OES offers good detectability for light elements, it is not
the most precise method for determining small codopant concentrations of
monovalent ions in garnet crystals.
As stated in Chapter 2, garnets of the type RE3Al5O12, belong to the space
group Ia-3d, where the RE3+ cation sits in a dodecahedral site and the Al3+ cations
reside in either an octahedral or tetrahedral site. Figure 4.6 displays a simulation of
an undoped (Lu0.75,Y0.25)3Al5O12 crystal with the coordination polyhedra indicated.
The garnet crystal structure of LuYAG is a packed cubic unit cell with a calculated
lattice parameter of 11.906 Å and a theoretical density of LuYAG is 6.2 g/cc. The
heavy elements of Lu and Y contribute to this high density and high effective atomic
number (Zeff) of 57, making LuYAG crystals excellent candidates for radiation
detection applications.
Although the codopants were added in small amounts, the addition of new
elements into the garnet structure can potentially affect the stability, introducing
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Figure 4.6. Rendered image of the LuYAG crystal structure with coordination
polyhedral labeled for Lu/Y (8) and Al (6/4). Adapted from crystallographic
information collection code #23846 [73].
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secondary compounds or phases into the material. To monitor the effect of
monovalent codoping on the stability of the garnet phase, x-ray diffraction (XRD)
spectra were collected on powdered samples of each crystal grown. In order to
present themselves in XRD patterns, the concentration of foreign entities must be
greater than 1% [74].
Figure 4.7 presents the powder XRD spectra collected for LuYAG: Pr crystals
with and without monovalent codopants incorporated in the lattice. The spectra
are compared to an adapted reference scan obtained from the International Crystal
Structure database. Each scan shows the characteristic reflection peaks of the
garnet matrix. None of the codoped samples revealed any peaks indicative of
secondary constituents present in the lattice. This aligned with our assumptions as
the nominal codopant concentrations were less than 1%.
Scintillation Properties
Figure 4.8 depicts the radioluminescence spectra of LuYAG: Pr single crystals
with and without monovalent codopants. The Pr3+ activator in LuYAG has two
characteristic emission peaks at 325 and 380 significant of the prompt 5d-4f
transition. Monovalent codoping has no effect on the emission wavelength of the
Pr3+. Also, from the results of the radioluminescence, we found that monovalent
codoping does not promote any host luminescence from the formation of anti-site
defects, with a characteristic emission between 200 and 285 nm [75]. Using the
wavelength presented in the radioluminescence spectra, the quantum efficiency of
the bi-alkali PMT utilized for absolute light output measurements in relation to
each crystal was calculated. We determined this quantum efficiency of LuYAG: Pr
single crystal scintillators to be 26% regardless of the existence of the codopant.
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Figure 4.7. Powder x-ray diffraction plots of non-codoped and monovalent codoped
LuYAG: Pr compared to a line scan adapted from reference collected on the ICSD
[73].
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Figure 4.8. Radioluminescence spectra of LuYAG: Pr and monovalent codoped
LuYAG: Pr with arrows indicating the emission wavelengths associated with the 5d4f transition of Pr3+. The dotted line indicates the quantum efficiency of the PMT
with wavelength.
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Compared to cerium doped garnets with emission wavelengths in the 500550 nm region, the quantum efficiency for Pr emission is higher, meaning, in the
case of Pr-doped garnets, more scintillation light is directly converted to
photoelectrons in the PMT.
Pulse height spectra collected reveal a significant correlation between
monovalent codoping and an improvement in scintillation performance (Figure
4.9). Lithium, sodium, and potassium codoping improved the absolute light yield to
32,000, 34,000, and 33,000 ph/MeV, respectively, compared to 22,000 ph/MeV
reported for the non-codoped sample. Additionally, the energy resolution of these
scintillators improved greatly as well with monovalent codoping. Typically, Prdoped LuYAG scintillators have a decent energy resolution, between 4.4 and 6.0%,
which is a better value than many cerium doped analogs [36, 75]. Monovalent
codoping was shown to improve this value to as low as 3.8%, in the case for LuYAG:
Pr, Na, and reached values of 4.2% and 4.0% for Li and K, respectively. These values
are some of the best reported values of energy resolution for oxide scintillators,
challenging the reported values of other oxide materials and even metal halides,
such as NaI and CsI [76]. In this report, we show that lithium, sodium, and
potassium codopants are excellent candidates to greatly increase scintillation light
yield and improve energy resolution to exceptional limits for enhanced efficiency
in radiation detection applications.
The significant improvement in light yield and energy resolution could be due
to increased recombination of Pr3+ from enhanced charge carrier transport within
the lattice. This is typically associated with the reduction of traps that can inhibit
scintillation performance, such as oxygen vacancies. An in depth investigation of
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Figure 4.9. Pulse height spectra of monovalent codoped LuYAG: Pr compared to a
non codoped sample show a significant improvement in both LY and ER%.
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the effects of monovalent codoping on the trapping defect structure is reported in
Chapter 6.
Figure 4.10 depicts the scintillation decay time of the monovalent codoped
LuYAG: Pr single crystals compared to a non codoped sample. From analysis of the
scintillation decay spectra, we determined that monovalent codoping positively
affects the decay time profile of LuYAG: Pr single crystals by accelerating and
increasing the weight of the fast component. This component is attributed to the
5d-4f prompt emission of the activator and for Pr-activated scintillators typically
resides around 20-40 ns [77]. In the case for the non-codoped sample, the decay
value for the fast component was much slower (52.3 ns) and provided only 14% of
the scintillation light. With the incorporation of monovalent ions as codopants, we
were able to improve this fast decay component value to as low as 30.9 ns (for Nacodoped LuYAG: Pr) and increase the contribution from the fast component by over
20%.
The second and third components of the decay time result from the delayed
recombination at Pr3+ activation centers due to the many charge carrier traps
within the LuYAG: Pr matrix. This promotes slow decay time values above 200 ns to
around 1 μs [70, 75, 77-79] . Monovalent codoping accelerates the values of the
slow components, and in the case of the third component, reduces its weight. The
combination of effects on the three components of scintillation decay suggest that
monovalent codoping allows for more scintillation light to come from the prompt
emission rather than from the delayed recombination due to charge carrier traps.
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Figure 4.10. Scintillation decay curves of monovalent codoped LuYAG: Pr with the
red line indicating the three-component exponential decay fit to the data.
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Conclusion
In this chapter, we present the effects of codoping with monovalent ions: Li+,
Na+, or K+ on the structure and scintillation properties of LuYAG: Pr single crystals.
We also present the optimization of CZ growth for undoped, doped, and codoped
LuYAG single crystals. After two growth attempts, where the geometry as well as
the growth parameters are changed, we successfully mitigated all cracking
occurring throughout the crystal growth process. This optimization was also
repeated with identical success on a codoped composition. This investigation
revealed the methods to reduce or completely eliminate cracking during CZ growth
of garnets with very few changes to the geometry, translation, and rotation.
Through elemental analysis measurements and linear interpolation of the keff
vs. Cs plot, the value for keff of Pr in LuYAG was calculated between 0.042-0.056 for
all samples, which is only a little less than what has been previously reported for Pr
in garnets. Elemental and structural analysis reported less than the detection limit
for the monovalent codopants, proposing that ICP may not be the best method for
accurate and precise measurements of low concentrations of light elements.
Although elemental analysis remained below the detection limit, we present
that the introduction of small amounts of monovalent codopants into LuYAG: Pr
produced great improvements to the scintillation properties. In particular, we
report a significant increase in the absolute light yield, excellent energy resolution,
and improved scintillation decay time. Table 4.3 summarizes the values determined
in this report. We were able to achieve a greater than 50% increase in light yield
with monovalent codoping and energy resolution values that are otherwise
unprecedented in oxide scintillators. The enhancements by monovalent codoping
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show potential in utilizing these codopants as a method to increase efficiency of
LuYAG: Pr scintillators for potential applications in radiation detection.
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Table 4.3. Summary of luminescence properties of monovalent codoped LuYAG:
Pr single crystal scintillators
Light Yield

ER (%)

Decay time (ns)

(ph/MeV)
LuYAG:
1.2% Pr
LuYAG: Pr,
0.6% Li
LuYAG: Pr,
0.3% Na
LuYAG: Pr,
0.6% K

22,000

4.6%

52.3 (14%), 400.3 (37%), 1434.7 (49%)

32,000

4.2%

32.9 (35%), 260.2 (35%), 1331.6 (31%)

34,000

3.8%

30.9 (38%), 204.5 (32%), 1146.5 (31%)

33,000

4.0%

31.0 (36%), 193.2 (31%), 1100.6 (33%)
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CHAPTER FIVE
DEPENDENCE OF LUMINESCENCE PROPERTIES ON
DOPANT/CODOPANT CONCENTRATION
Motivation
In Chapter 4, we presented the effects of codoping with the monovalent ions
Li+, Na+, and K+ on the light yield, scintillation decay time and energy resolution of
LuYAG: Pr single crystals. From the performance results of monovalent codoping
we emphasized the potential significance of the codopant concentration, in
particular how the sodium codoped sample performed the best with the least
amount of nominal codopant concentration added. In this chapter we investigate
the importance of dopant and codopant concentrations on the scintillation
characteristics of LuYAG: Pr single crystals.
Considering the very low segregation coefficient of Pr3+ in garnet crystals (<
6%) , the actual concentration of dopant in the grown crystal is always much lower
than the nominal concentration added. There have been a few reports showing the
dependence of dopant concentration on the optical and scintillation performance
of LuAG. For example, Yanagida discovered in 2011 that the photo-absorption and
x-ray luminescence intensities are directly related to the Pr concentration and that
the highest intensity was present for crystals with and actual Pr concentration of
0.2 mol% [80]. Inversely, there have been other studies that show a decrease in the
scintillation light yield with increasing Pr concentration [79, 81]. Also there was one
report by Hu in 2019 that reported a red shift in 5d-4f emission with the increase
of Pr concentration [82].
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In this chapter we wanted to expand these findings to not only the
investigation of Pr dopant concentration to LuYAG (which has yet been
investigated), but also to the effects of monovalent codopant concentrations on
their improvements on optical and scintillation properties. The dopant and
codopant values presented are those of the nominal concentration with the
assumption that the actual concentrations in the crystal are directly related.
Importance will be given to the influence of concentration on the luminescence
wavelengths, intensity and values of light yield, energy resolution and scintillation
decay time.

Praseodymium Concentration dependence of LuYAG scintillators
Unlike the simple electron configuration of cerium, the electronic transitions
of praseodymium are more complex, yet they are often cited with providing a
higher energy of emission than Ce3+ and are responsible for its excellent theoretical
scintillation properties [15]. Figure 5.1 depicts the main electronic transitions of
Pr3+ within a garnet crystal, adapted from [83-85]. The absorption from the ground
level to the excited 4f15d1 and 4f15d2 levels at 280 and 240 nm, respectively, is
responsible for the two significant emissions to the 3H54f and 3F44f states at 325
and 380 nm, respectively. These primary emissions can be detected using
conventional systems implemented in most radiation detection configurations in
medical imaging applications due to the wavelengths residing within the efficient
spectral region of most bi-alkali PMTs. There are also many transitions between the
4f levels, however, these lower energy emissions have wavelengths above 475 nm
and their relative contribution to luminescence is often very low [85].
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Figure 5.1. Electronic transitions of Pr3+ with corresponding wavelengths typical for
Lu,Y aluminum garnets. Adapted from[83-85].
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Increased luminescence efficiency can be directly related to the
concentration of dopants within a scintillator due to higher recombination with the
presence of more activator sites within the matrix; however, there always seems
to be a limit to the positive influence of concentration dependence. This is often
associated with the theory of concentration quenching, where the decreased
luminescence efficiency is related to the constant migration of excitation energy
from one activator center to another and eventually to an imperfection which may
act as an energy sink [81, 86-88]. To investigate the variable effects of activator
concentration in LuYAG single crystals we measured the optical and scintillation
properties of samples doped with nominal Pr3+ concentrations of 0.2%, 0.4% and
1.2%.
Figure 5.2 depicts the absorbance of Pr3+ doped LuYAG single crystal
scintillators with increasing activator concentration. The peaks at 240 and 280 nm
correspond to the absorbance from the 4f to the 5d2 and 5d1 states, respectively,
while the small peaks above 450 nm are from the many 4f-4f transitions. Given that
each LuYAG: Pr sample is of similar thicknesses (l) of 1 mm, the ordinate
representing the raw counts of absorbance intensity can be directly related to the
concentration of activator (c) within the sample according to Beer’s law (Equation
5.1).
𝐼

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = log10 ( 0 ) = 𝜖𝑐𝑙
𝐼

(5.1)

As we presented in the previous chapter, the segregation coefficient of Pr 3+
is very low (~6%) and thus the actual concentration is much less than the nominal
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Figure 5.2. Absorbance spectra of LuYAG samples of 1 mm thickness with increasing
Pr concentration. The labels indicate the electronic transitions associated with each
peak.
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concentration. However, considering the relation proposed by Beer’s law, the
concentration. As expected, the LuYAG: 1.2% Pr sample has the highest intensity of
4f-5d1,2 absorption, followed by the 0.4% and 0.2% samples. The 4f-4f absorption
is the highest for the 0.2% Pr LuYAG sample and decreases with activator
concentration. This is possibly due to greater charge carrier migration and
increased radiative recombination to the ground state with more activator sites.
PL excitation and emission were also monitored with respect to activator
concentration and are presented in Figure 5.3. Unlike absorbance spectra, there is
not a clear connection with activator concentration and PL intensity, potentially
due to the sample configuration within the spectrofluorometer. Comparing the
samples with increasing activator concentration, the 1.2% Pr LuYAG sample has a
small blue shift in the excitation and the 0.2% Pr sample shows a “shoulder” around
295 nm that is not witnessed in the other spectra. The Stoke shift, or distance
between excitation and emission bands, can be related to the location of the
activator within the forbidden band and can provide insight to self-absorption
within a scintillator [85]. Among these identical garnet scintillators with varying
activator concentration, the shift should be the same; however, the small changes
in excitation and emission bands show differently. It appears the largest Stoke shift
exists for the 0.2% Pr sample and is smaller for the 0.4% and 1.2% Pr samples.
Relating the changes in intensity to sample configuration, the presence of the main
luminescence transitions exists for each sample and does not change with activator
concentration.
There were very little differences in the PL decay time with increasing
activator concentration (Figure 5.4). Each sample was fit with a single exponential
108

Figure 5.3. Photoluminescence (PL) excitation and emission for LuYAG: Pr single
crystals with increasing Pr3+ activator concentration.

109

Figure 5.4. Photoluminescence (PL) decay time spectra of LuYAG: Pr single crystal
scintillators with increasing activator concentration.
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decay curve and reported a time constant of around 20 ns, which is typical for Pr3+
doped garnet scintillators. The 0.2% Pr sample did show the fastest decay time
constant of 19.5 ns although it was only by 0.6 ns. None of these sample
experienced any acceleration due to concentration quenching. This is because the
nominal concentrations are not near the reported onset for quenching in Pr doped
garnet scintillators, which is typically around 10% [79, 81].
Compared to optical absorbance or PL spectra, radioluminescence (RL)
emission spectra can show the influence of not only the electronic transitions but
also the defects within the lattice, in particular rare earth anti-sites, on the overall
luminescence of the scintillator. Figure 5.5 depicts the RL of LuYAG: Pr scintillators
with increasing Pr3+ activator concentration in energy. As Pr3+ concentration
increased the contribution of the 5d-3Fx4f emission, represented as a blue peak,
increased and the host luminescence associated with the REAl anti-site defect, the
red peak, decreased. The suppression of the antisite defect is often associated with
the lowering of the conduction band and suppression of shallow electron traps,
typically achieved by admixing [28, 62, 82, 89]. In our case, the suppression of host
emission with increasing Pr concentration could be due to the increased charge
carrier recombination.
Furthermore, as Pr3+ activator concentration increased there was a red shift
of the 4f5d-3Hx4f emission from 3.86 nm to 3.79 eV. This red shift in Pr3+ emission
to lower energies was also witnessed in LuAG ceramics and was attributed to
increased self-absorption and higher absorbance intensity [82]. Given that we also
saw increased self-absorption as well as increased absorbance intensity at higher
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Figure 5.5. Radioluminescence (RL) spectra of LuYAG: Pr single crystal scintillators
with increasing activator concentration. The contributions of luminescence are
represented in the key and by respective color coordinated peaks.
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Pr3+ dopant levels for these single crystals, our reports are in line with the
previously reported supposition.
The final analysis of the effects of increasing nominal activator concentration
in LuYAG was through the scintillation properties of the single crystals. Table 5.1
reports the measured values of the light yield, energy resolution and scintillation
decay time values for LuYAG: Pr samples with increasing Pr concentration. Each
reported light yield and energy resolution value was on par with the reported
values for Pr-doped LuAG and LuYAG single crystals [25, 90]. The best reported
value of absolute light yield and energy resolution from our measurements was
achieved with 1.2% Pr at 22,000 ph/MeV and 4.6%, respectively. The scintillation
decay time for each sample regardless of concentration was much lower than what
has previously been reported for Pr-doped garnet scintillators, and the best value
was reported for the 0.4% Pr sample. That being said each component had similar
weights of contribution with the slow component attributed by lattice defects
being the most dominant, followed by the intermediate then the fast component.
Overall, the scintillation performance is comparable for each sample regardless of
nominal codopant concentration and the only strong variations with concentration
are in the optical measurements.

Lithium Codopant Concentration Dependence on Luminescence
One main obstacle regarding the investigation of garnet scintillators for
radiation detection applications is the tendency for them to not reach their full
potential when it comes to scintillation performance due to intrinsic defects, such
as charge carrier traps formed from REAl anti-site defects and oxygen vacancies.
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Table 5.1. Summary of scintillation properties measured for LuYAG single crystals
with different Pr concentration.
Light Yield
(ph/MeV)

ER (%)

Scintillation Decay Time (ns)

LuYAG: 0.2% Pr

17,000

6.0

55.3 (17%), 359.9 (32%), 1166.4 (51%)

LuYAG: 0.4% Pr

16,000

4.8

41.3 (18%), 322.3 (37%), 1328.2 (45%)

LuYAG: 1.2% Pr

22, 000

4.6

52.3 (14%), 400.3 (37%), 1434.7 (49%)
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Alternative methods such as admixing rare earth ions to develop LuYAG: Pr and
codoping with monovalent ions can be a combined effort to improve this
scintillating material toward its theoretical limit [2, 36, 38, 89]. From the results in
Chapter 3 we affirm that this concerted effort manifests positive and promising
results in the research of garnet scintillators.
Specifically, we revealed an almost 50% improvement in light yield and
significant improvements in energy resolution and scintillation decay time when
codoping LuYAG: 1.2% Pr single crystals with 0.6% lithium, nominally. In a previous
report published to Physica Status Solidi-Rapid Research Letters, we reported
enhancements in scintillation properties obtained by doping a LuYAG: 0.4% Pr
scintillator with 0.8% lithium with emphasis on the effect of codoping on the light
yield, energy resolution, and scintillation decay time [91].
Figure 5.6 depicts the pulse height spectra of the LuYAG: 0.4% Pr and 0.8%
lithium codoped samples crystal compared to a BGO reference measured under
identical conditions with a calculated light yield of 8900 ph/MeV. The lithium
codopant increased the light yield of LuYAG: Pr from 16,000 ph/MeV to 25,000
ph/MeV for 5 x 5 x 5 mm samples, a similar enhancement to what was reported in
the 1.2% Pr single crystals. Similarly, the energy resolution was also improved at
this lower Pr concentration. This comparable improvement at different dopant
concentrations, inspired the study of codopant concentration dependence of
LuYAG: Pr single crystals. In this section we explore the effects of lithium codopant
concentration on the optical and scintillation performance of LuYAG single crystals
activated with 0.4% Pr nominally.
The results from this section have been published in a peer-reviewed journal
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Figure 5.6. Pulse height spectra for the LuYAG: 0.4% Pr (top) and LuYAG: 0.4% Pr,
0.8% Li (bottom) single crystals. The energy resolution was reported solely for the
full energy deposition peak and not the Lu-escape peak due to the k X-rays at 63.31
keV.
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Figure 5.7 depicts the absorbance spectra of LuYAG: Pr scintillators with
increasing lithium concentration. The characteristic peaks for Pr absorption are at
240 and 280 nm, relating to the 4f-5d2 and 4f-5d1 transitions, respectively.
Characteristic 4f-4f transitions of Pr3+ are depicted as very small peaks residing from
450-500 nm [80].
While lithium codoping of cerium doped garnet scintillators has been
reported to alter the optical properties by altering the charge state of the activator
determined by an increase in the absorbance due to the appearance of an activator
charge transfer (CT) band below 600 nm [41, 49, 50, 53, 54, 80], incorporating
lithium as a codopant in LuYAG: Pr has little effect on the intensity of the Pr3+
absorption band; therefore, it is assumed that lithium codoping does not promote
the charge transfer of Pr3+ to Pr4+, as seen in divalent codoping of praseodymium
and cerium doped garnets [41-43, 92]. The small increase in the baseline of the 0.2
and 2.0% Li is not significant and is rather due to instrumental variations during the
measurement.
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Figure 5.7. Absorbance spectra of LuYAG: Pr single crystals at increasing codopant
concentrations of lithium. The inset curve is a magnification of the 4f-4f transitions
of the Pr3+ activator residing above 450 nm.
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The photoluminescence of LuYAG: Pr scintillators with increasing lithium
concentration is depicted in Figure 5.8. Each crystal has the characteristic emission
bands at 330 and 375 nm relating to the 5d-4f transition of Pr3+ luminescence and
excitation bands at 240 and 280 nm. Changing the lithium codopant concentration
did not affect the wavelength of the Pr3+ emission of these LuYAG scintillators. The
difference in the intensity of the 330 nm emission band for the 2.0 at% Li can be
attributed to sample orientation in the instrument.
Prompt decay of emission from the Pr3+ activator can be quantified by
analyzing the data from a photoluminescence decay curve. Figure 5.9 depicts the
PL decay for LuYAG: Pr single crystals with respect to lithium concentration. Each
sample was excited with a 275 nm pulsed LED and each curve was fit using a single
exponential decay function, the value of which is presented in the figure for each
sample. It was discovered that lithium codoping has little to no effect on the PL
decay of LuYAG: Pr single crystals. Each sample had a prompt decay of around 20
ns ascribed to the 5d-4f emission of Pr3+ [71, 72]. The culmination of results from
the optical measurements completed on lithium codoped LuYAG: Pr single crystal
scintillators confirms that the introduction of lithium does not affect the optical
properties, in particular, the charge state of the activator.
Scintillation light yield was calculated for each sample from pulse height
spectra collected using a 10 µCi 137Cs gamma source. As shown in Figure 5.10, the
light yield of LuYAG: Pr scintillators is significantly increased when codoped with
lithium. The largest increase changed the absolute value of light yield from 16,000
ph/MeV to 31,000 ph/MeV for the sample codoped with 0.2 at% Li. We note that
the light yield values overall are lower than some previously reported values for
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Figure 5.8. Photoluminescence excitation and emission of LuYAG: Pr scintillators
with and without lithium. codoping. Excitation was measured at 375 nm emission
and emission was collected at 280 nm excitation. The bands above 450 nm relate
to the emission from the Pr3+ 4f-4f transitions
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Figure 5.9. PL decay curves of LuYAG: Pr single crystals with increasing lithium
codopant concentration. The red curve signifies the single exponential decay fit
used to determine the value of the decay component.
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Figure 5.10. Pulse height spectra of LuYAG: Pr single crystals with and without
lithium codoping. The light yield is shown in comparison to a BGO reference crystal
and the energy resolution is calculated for the full energy deposition peak and not
the Lu-escape peak
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LuYAG: Pr due to the relatively low concentration of Pr3+ in our set of samples
compared to some other reports [36, 37, 93, 94]. However, we also note that our
value of 16,000 ph/MeV for non-codoped LuYAG: Pr is in good agreement with
Yanagida et al., who studied low Pr concentrations similar to ours [80].
The energy resolution was also greatly improved with the incorporation of
lithium into LuYAG: Pr with best value presented as 4.1%. This is the best reported
value of energy resolution in an oxide scintillator, challenging other high
performing oxide scintillators like YAP: Ce at 4.4% or even LuAG: Pr reported at
4.6% [95, 96].
Scintillation decay time spectra were collected by exciting each sample with
a 10 µCi

137

Cs gamma source. The decay values were calculated using a three-

component exponential decay equation. Each sample, regardless of at% Li, has a
three-component decay consisting of a prompt ~40 ns component, an intermediate
component of above 300 ns, and a dominant slow component greater than 1300
ns. The prompt decay component is associated with the 5d-4f luminescence of the
Pr3+ activator and is typically reported for garnet scintillators around 20-40 ns [15,
70, 75, 82]. The slow components of the scintillation decay time are due to the
delayed recombination from the presence of charge carrier trapping defects such
as LuAl/YAl anti-site defects [25, 71, 72, 75, 82].
Codoping LuYAG: Pr single crystals with lithium resulted in a slight
deceleration of all three components of scintillation decay time (Table 5.2). As the
concentration of lithium increased, the values of the prompt and slow components
increased. While the prompt component maintained a similar value, the weight of
the slow component decreased compared to lithium-free LuYAG: Pr. The reduction
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Table 5.2. Scintillation decay values for LuYAG: 0.4% Pr single crystals with
increasing lithium codopant concentration, calculated with a three-component
exponential equation. The weight of each component is also presented.
at. % Li

τ1 (ns) / wt. (%)

τ2 (ns) / wt. (%)

τ3 (ns) / wt. (%)

0

41.3 / 17.9

322.3 / 36.7

1328.2 / 45.4

0.2

45.9 / 19.2

395.0 / 40.2

1470.1 / 40.6

0.8

48.4 / 19.3

379.4 / 38.6

1444.4 / 42.1

2.0

49.5 / 18.0

404.3 / 40.4

1513.8 / 41.6
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of weight of the slow components and the increase in the weight of the fast
component can be correlated to a greater contribution of light emission due to the
prompt 5d-4f transition
To better understand the cause of the changes in defect behavior and
scintillation

performance

thermoluminescence

(TL)

measurements

were

completed for each sample. Each curve was normalized to the emission intensity
under steady state X-ray excitation at 15K. The peaks within the TL spectra are
attributed to shallow electron traps associated with anti-site defects and deep
electron traps associated with oxygen vacancies within LuYAG scintillators. For a
quantitative comparison of lithium codoping in LuYAG: Pr single crystals regarding
TL, the area under the glow curve was measured. Similar results were achieved for
each codoped sample; however, for clarity, only the glow curves from the lithium
free and 0.8 at% Li sample are presented in Figure 5.11.
Compared to non-codoped LuYAG: Pr, the samples containing lithium have
peaks that are more defined than the lithium free sample and a smaller measured
area. Specifically, the LuYAG: Pr, 0.8% Li glow curve area is 17% less than the lithium
free sample. It should be noted that this sample also exhibited higher absolute
scintillation light yield and the best energy resolution. Thus, it appears that the
reduction in area may be related to this change in scintillation performance. Similar
to results reported in cerium doped scintillators it is assumed that the small
concentration of lithium is introduced interstitially and requires a charge
compensation that contributes to the reduction of oxygen vacancies; and thus a
reduction in the intensity of glow peaks below room temperature [97, 98].
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Figure 5.11. TL glow curves of LuYAG: Pr (black) and LuYAG: Pr, 0.8 at% Li (red).
Lithium codoped curves also depicted before (solid) and after air annealing
(dashed). The area under each curve was determined and is reported to the right.
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Sodium Codopant Concentration Dependence on LuYAG: Pr scintillators
In addition to lithium, the dependence of scintillation properties on the
sodium codopant concentration was also investigated. We observed and analyzed
the trends compared to a 1.2% Pr doped LuYAG single crystal sample. This
experiment revealed the variance with sodium codopant concentration but also
introduced an argument on the significance nominal activator concentration’s role
on codopant effects, as well.
Figure 5.12 reveals the effects of sodium codopant concentration on the light
yield and energy resolution of 1.2% Pr LuYAG. As reported in Chapter 4,
incorporating a small amount of sodium (0.3 at%, nominally) reveals a significant
increase in the light yield and energy resolution; however, codoping with 0.6 at%
of sodium only provides a minimal increase in the light yield of LuYAG: Pr to only
24,000 ph/MeV and a significant decrease in value with increase in concentration.
This is unlike what was presented for the 0.6 at% codoping of Li and K. The decrease
of light yield may be attributed to the onset of Na concentration quenching.
Unlike the light yield, the energy resolution does not decrease with
increasing sodium concentration at the same rate. The value reported for 0.6% Na
is 3.9% which is similar to the 0.3% Na sample. The cause for the decrease in light
yield with increasing concentration may be due to the incorporation of charge
carrier traps limiting the recombination efficiency of the activator. The cause for
the improved energy resolution may be due to the improved statistical resolution
or proportional response to gamma energies. This assumption will be addressed
thoroughly in Chapter 7.
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Figure 5.12. Pulse height spectra of LuYAG: 1.2% Pr doped with increasing
concentration of sodium (Na). The light yield is represented in comparison to a BGO
reference crystal and the energy resolution is calculated for the full energy
deposition peak and not the Lu-escape peak.
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The scintillation kinetics were also monitored in LuYAG: 1.2% Pr single
crystals with increasing sodium codopant concentration. The reported values for
scintillation decay time are presented in Figure 5.13. With the incorporation of
sodium as a codopant, the three scintillation decay time components are
accelerated. Also the weight of the fast component is greater by 23% in the Na
codoped samples than the non-codoped LuYAG: 1.2% Pr sample, with the main
component being that attributed to delayed recombination due to trapping
defects. With increasing Na codopant concentration, the values of the fast and
intermediate components increase slightly, while the slow component decreased
by ~100 ns. The weights of the components are unchanged with increasing Na
concentration. The results of the scintillation decay reveal an improvement with
the incorporation of Na in LuYAG: 1.2% Pr but a weak dependence of codopant
concentration on the scintillation decay time.
Overall, sodium codoping is shown to improve the scintillation properties of
LuYAG: 1.2% Pr single crystals with the most significant improvements manifesting
at small codopant concentrations. The increase of sodium codopant concentration
from 0.3% to 0.6% possibly indicates the onset of concentration quenching as the
performance decreases significantly. Ultimately the role of codopants on the
trapping behavior at higher activator concentration may be very different. It is quite
possible that at lower Pr concentration the effect of Na would be very different,
similar to what you see in lithium codoping of 0.4% Pr doped LuYAG.
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Figure 5.13. Scintillation decay values for LuYAG: 1.2% Pr single crystals with
increasing sodium codopant concentration, calculated with a three-component
exponential equation. The weight of each component is also presented.
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Conclusion
In this chapter, we investigate the dependence of dopant and codopant
concentration on the performance of LuYAG: Pr single crystals. We monitored the
effects by measuring both optical and scintillation properties of each sample. We
discovered that scintillation performance increases with nominal Pr concentration
due to greater activator sites yielding higher optical absorption and charge carrier
recombination. Because the segregation coefficient of Pr in LuYAG single crystals
grown via the Cz method is very small (<6%), the performance may still increase up
to nominal concentrations of 10% or higher.
Expanding the investigation to varying lithium codopant concentration of
LuYAG: 0.4% Pr, we found that with the incorporation of a small amount of lithium
(0.2 at%) increased the light yield significantly from 16,000 ph/MeV to 31,000
ph/MeV. As the concentration of codopant is increased further, the value of the
absolute light yield starts to decrease, although it is still greater than lithium-free
LuYAG: Pr. Additionally, the energy resolution is improved to as low as 4.1% with
lithium codoping, challenging the performance reported for other scintillators like
NaI: Tl (6.7%), CsI: Tl (6.6%), YAP: Ce (4.4%), and even non-codoped LuAG: Pr
reported at 4.6% [95, 96, 99]. The scintillation decay time is slightly affected when
codoping, revealing the possible dependence of traps on the scintillation kinetics.
The results of Na codoping of LuYAG: 1.2% Pr reveal a relationship of Na
concentration on the performance as well as a general relationship of codoping on
LuYAG: Pr single crystals with higher activator concentrations. Similar to lithium
codoping in LuYAG: 0.4% Pr, small amounts of Na codopant (0.3%) show positive
results but increasing concentration further diminishes performance. This trend
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suggests the concept of concentration quenching, where the scintillation
performance is highly sensitive to non-optically active dopants affecting the charge
carrier transport within the lattice.
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CHAPTER SIX
TRAPPING DEFECTS IN CODOPED LUYAG: PR – LIGHT EXPOSURE,
ANNEALING, AND TEMPERATURE DEPENDENCE
Motivation
In all, the defect structure of garnet single crystals is highly complex and nonintuitive with defects arising from the harsh growth environment as well as
extrinsic processes from admixing, doping, and codoping. As previously mentioned
in Chapter 2 the main defects within garnet crystals are the rare-earth anti sites
and oxygen vacancies. The anti-site defects are considered shallow traps, while the
oxygen vacancies are deep electron traps. Deep electron traps, contribute to poor
performance witnessed in the value of the scintillation light yield and decay time
and can often be determined through analysis of thermoluminescence and
afterglow characteristics [25-29, 61, 93].
In this chapter, we develop a comprehensive understanding of the defect
structure of LuYAG single crystals through thermoluminescence, afterglow,
temperature dependent decay time, and light exposure sensitivity measurements.
We then investigate the effect of thermal annealing on the presence of defects by
ultimately monitoring the scintillation performance, primarily the light yield. The
role of monovalent codoping on the reduction of defects and subsequent
improvement of scintillation properties is monitored throughout each stage of this
study.
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Atmospheric Treatment Methodologies
Temperature Dependent Scintillation Decay Time Setup
The set up for temperature dependent scintillation decay time is represented
in Figure 6.1. This experiment combined the principles of the single photon timing
correlation described in the Bollinger-Thomas method with temperature using the
same cryostat chamber utilized in thermoluminescence measurements. The
samples were identically mounted on a copper stage using silver epoxy and the
chamber was evacuated in the same manner described in Chapter 3 before
operation. The temperature was held at each set point for ~20 minutes before
measuring the scintillation decay time values and the temperature setpoints
ranged from 50-490 K. The output of this measurement was decay curves that each
were fit using a three-component exponential decay function that presented
information on the decay time value as well as the weights of each component.
Light Exposure Methodology
To develop an understanding of the sensitivity of LuYAG: Pr single crystals to
light we followed the procedure represented in Figure 6.2. Initial light yield
measurements were collected for as-grown samples prior to any treatments. Then,
each sample was “detrapped”, or heated to 250°C for 15 minutes in a light tight tin
container, followed by a light yield measurement. Next, samples were exposed to
UV Light for 1 hour, and the light yield was again recorded before and after a 60
hour period where the samples were kept in the dark at room temperature. This
same step was repeated under white light exposure for 18 hours.
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Figure 6.1. Experimental setup for temperature dependent scintillation decay time
measurements.
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Figure 6.2. Light exposure treatment methodology for LuYAG: Pr single crystals.
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Thermal Annealing Experiments
Figure 6.3 presents the thermal annealing techniques utilized to treat LuYAG:
Pr single crystals. Scintillation properties were measured before treatments, then
samples were then annealed in an oxidizing (air) or reducing (N 2+ H2) atmosphere
for 48 hours before repeating scintillation measurements. The performance was
also monitored by combining the effects of light exposure with thermal annealing
as samples were exposed to white light and kept in the dark after thermal annealing
treatments.

Defect Structure Analysis of LuYAG: Pr Single Crystals – Effect of
Monovalent Codoping
Thermoluminescence
Thermoluminescence (TL) and afterglow measurements were completed on
each sample in this study to primarily understand the effects of monovalent
codoping on the defect structure of LuYAG: Pr scintillators. Using the TL fit program,
the glow curve peaks were fit assuming first order kinetics using the expression
developed by Randall and Wilkins (Equation 3.3). The intensities and widths of the
peaks are used to determine the characteristics of the trap such as the energy (E,
also called trap depth), concentration (n0), and frequency factor (s). Each TL curve
is presented as normalized to the steady state of x-ray excitation.
Generally, LuYAG: Pr scintillators contain many of trapping defects at low
temperature, represented as peaks displayed in the glow curve (Figure 6.4). The
main difference between the monovalent codoped samples and the non-codoped
LuYAG: Pr sample is the presence of the peak at 300 K. It is presented here that
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Figure 6.3. Thermal annealing treatment procedures for LuYAG: Pr single crystals in
air (top) and N2+H2 atmosphere. The grey dashed lines indicate when analysis was
collected.
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Figure 6.4. Thermoluminescence glow curves of LuYAG: Pr single crystals with and
without monovalent codopants present. The inset presents the peak at 300 K.
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monovalent codoping completely eradicates the trap at 300 K. The intensity
decrease is correlated with the improved scintillation performance of monovalent
codoped LuYAG: Pr, in the form of improved light yield, energy resolution, and
scintillation decay time.
Table 6.1 presents the calculated parameters obtained from TL peaks in
Figure 6.4 using the Randall-Wilkins expression for first order kinetics [60]. Each
sample presents peaks at similar temperatures yielding similar trap depths or
energies between 0.16 and 0.33 eV. These trap depths have been reported as
characteristic of Lu-based aluminum garnets with the peak of the highest
contribution around 158 K being associated with the presence of LuAl antisite
defects [37, 62, 79, 89, 100]. As mentioned before, the main difference among the
crystals in this study is the presence of the trap at 300 K in the non-codoped LuYAG:
Pr sample. The energy for this peak was calculated at 0.6 eV and the relative
intensity was 32% of the maximum peak. Traps at and above room temperature
directly attribute to the poor scintillation characteristics of scintillators due to their
relatively high detrapping energy and long detrapping times [101].
The detrapping times (t) of the peaks in the TL glow curves at room
temperature (298 K) were also calculated using the Arrhenius equation presented
below (Equation 6.1), given the calculated trap depth energy (E) and frequency
factor (s) associated with the curves, as well as Boltzmann’s constant (k).
𝑡=

exp(𝐸⁄𝑘𝑇 )
𝑠

(6.1)

Due to the similar glow curves among the samples, the detrapping times of
the peaks below room temperature were also similar with the time increasing with
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Table 6.1. Calculated parameters for LuYAG: Pr TL glow curves with monovalent
codopants

LuYAG: Pr

LuYAG: Pr, Li

LuYAG: Pr, Na

Tmax (K)

E (eV)

n0 (%)

ln(s) (s-1)

114

0.160

13

11.687

0.004

127

0.179

50

11.687

0.009

141

0.200

23

11.687

0.020

159

0.228

100

11.687

0.060

176

0.255

45

11.687

0.173

196

0.285

37

11.687

0.555

224

0.330

10

11.687

3.202

300

0.600

32

17.926

230.078

113

0.159

15

11.687

0.004

128

0.181

48

11.687

0.010

140

0.199

21

11.687

0.019

157

0.225

100

11.687

0.054

173

0.25

71

11.687

0.142

192

0.28

42

11.687

0.457

220

0.323

19

11.687

2.438

114

0.16

8

11.687

0.004

128

0.181

33

11.687

0.010

137

0.195

25

11.687

0.017

160

0.23

100

11.687

0.065

178

0.258

55

11.687

0.194

199

0.29

33

11.687

0.674

141

t @ RT (sec)

Table 6.1, continued
ln(s) (s-1))

Tmax (K)

E (eV)

n0 (%)

LuYAG: Pr, Na

226

0.333

18

11.687

3.599

LuYAG: Pr, K

119

0.167

61

11.687

0.006

129

0.175

50

11.687

0.008

141

0.193

8

11.687

0.015

156

0.214

100

11.687

0.035

173

0.24

55

11.687

0.096

195

0.272

30

11.687

0.335

221

0.31

12

11.687

1.470

142

t @ RT (sec)

temperature, as expected. Focusing on the detrapping time of the 300 K peak, it
was calculated to be 230 seconds. Recalling the nature of the measurements where
each sample was not exposed to light before analysis, the performance of LuYAG:
Pr is not improved because the trapping time is very long at room temperature.
Afterglow
Room temperature afterglow for each crystal was measured for almost 40
hours after x-ray excitation for 20 minutes. As seen in Figure 6.5, the non-codoped
LuYAG: Pr sample’s luminescence intensity was saturated even after excitation cutoff. The luminescence intensity began to decrease after ~10 minutes. Inversely, the
Li, Na, and K codoped LuYAG: Pr samples had a sharp decline in intensity
immediately after x-ray cutoff.. Among the monovalent codoped samples, the K
codoped LuYAG: Pr sample presented the least amount of afterglow at 0.008 at
3000 seconds, followed by Na and Li with 0.009 and 0.011 respectively. Each of
these values was significantly less than the non-codoped sample which presented
an intensity of 0.067 at 3000 seconds. Because this measurement was completed
at room temperature, we can assume the afterglow is directly caused by the
presence of the trapping defect at 300 K. We can affirm by both the
thermoluminescence and the afterglow measurements that monovalent codoping
suppresses a trap at room temperature that is responsible for afterglow and poor
scintillation performance in LuYAG: Pr.
Light Exposure Sensitivity
Figure 6.6 depicts the results from the light sensitivity experiment of
monovalent

codoped

LuYAG:

Pr

single
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crystal

scintillators.

Generally,

Figure 6.5. Afterglow curves of monovalent codoped LuYAG: Pr single crystals.
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Figure 6.6. Light yield of monovalent codoped LuYAG: Pr single crystals after light
exposure treatments.
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the scintillation performance of each crystal decreases after the detrapping
procedure where crystals are heated to 250°C in light tight containers. However,
the light yield is recovered after keeping in the dark post white light exposure.
Unlike monovalent codoped LuYAG: Pr, the non-codoped crystal is not able to
recover to its “As grown” performance. This behavior is attributed to the room
temperature trap witnessed in TL glow curves. When exposed to light the trap may
be filled, but not enough to recover scintillation performance. The codoped LuYAG:
Pr samples are less affected because there is no trap at room temperature.
Temperature Dependence of Decay Time Components
When measuring the decay time as a function of temperature, we discovered
a general trend of both the decay time value and weight with increasing
temperature. Figure 6.7 presents the relationship of decay time value with
temperature for monovalent codoped LuYAG: Pr single crystal scintillators. As
temperature increases, the value of the fast and intermediate decay component
increases until 226 K (indicated by the grey line in Figure 6.7A) where it then
decreases. The value of the slow component decreases with increasing
temperature. The weights of the decay components are generally the same as well
(Figure 6.7B). At low temperature, the slow component is dominant, and then is
replaced with the fast component above room temperature. The weight of the
intermediate component remains between 10-30% regardless of temperature. At
room temperature the weights of the decay components are nearly the same
around 30% for each.
When looking at the decay time components around room temperature the
influence of the room temperature trap on scintillation decay time is evident.
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(B)

(A)

Figure 6.7. Temperature dependent scintillation decay time (A) values and (B)
weights.
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Figure 6.8 shows the temperature dependent scintillation decay time values (A)
and weights (B) around room temperature.
Above room temperature there is a significant increase in the decay rate of
all of the components for the non-codoped LuYAG: Pr sample, unlike for the
monovalent codoped samples. This can be attributed to the release of the charge
carrier trap at 300 K.
Looking at the change in weight around room temperature, the effect of
monovalent codoping resides in the weight of the slow component. Generally, the
weight of the slow component decreases with increasing temperature; however,
for the non-codoped sample, the behavior around room temperature is different
than for the monovalent codoped samples. For LuYAG: Pr the weight of the slow
component is unchanged, leading us to believe that the trap at 300 K witnessed in
the TL glow curve directly contributes to the slow component value and weight of
scintillation decay time.

Performance after air annealing: Oxidizing vs. Reducing atmospheres
The harsh environment of high temperature and oxygen deficient
atmosphere within the CZ furnace contributes to the formation of defects such as
oxygen vacancies and REAl anti-site defects that inhibit optimal scintillation
performance. Therefore, there is a necessity for post-growth processing techniques
to improve scintillation performance. Initially introduced as a method of preventing
cracking during cutting, annealing was also proven to reduce the number of
scintillation performance altering defects [8].
In garnets, air annealing has been reported to improve scintillation
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(A)

(B)

Figure 6.8. Temperature dependent scintillation decay time (A) values and (B)
weights at and above room temperature (300 K).
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performance by reducing the number of oxygen vacancies [102, 103]. Particularly
for Pr activated Lu-based garnet scintillators, air annealing has been shown to
increase scintillation characteristics, with the most improvement coming from
annealing for 48 hours at a temperature of 1100°C or higher [104, 105]. Inversely
the effects of annealing in a reducing atmosphere have been reported to promote
the formation of charge carrier trapping defects within oxide scintillators [28, 29,
102, 105]. Following the methodology described in Figure 6.3, we report the results
from annealing in an oxidizing and reducing atmosphere and how it affects the
scintillation performance, primarily the light yield of LuYAG: Pr single crystals, all
with respect to the contribution from the monovalent codopants.
The values of the light yield after the thermal annealing treatments were
calculated and are presented in Figure 6.9. Generally, it was found that air
annealing coupled with a period of “darking” improves the scintillation light yield
of all samples regardless of the presence of monovalent codopants. However, the
increase is the most significant in the non-codoped LuYAG: Pr single crystal. This
enhancement in scintillation light yield can be directly ascribed to the depletion of
the 300 K trap witnessed in the TL glow curves; therefore, we assume this trap must
be an oxygen vacancy.
Annealing in a reducing atmosphere depleted the scintillation light yield as
expected. In order to witness any improvement post-reducing anneal, each sample
was exposed to light to fill traps created during the annealing process and each also
underwent a period of “darking”. This unfortunately, did not restore the
scintillation light yield. Through this annealing study we found that both
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Figure 6.9. Light yield values for monovalent codoped LuYAG: Pr single crystals
following thermal annealing treatments.
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monovalent codoping as well as air annealing improve the scintillation
performance of LuYAG: Pr single crystals due to the depletion of a trap that resides
at room temperature.

Conclusion
In this chapter we worked to define the complex defect structure of LuYAG:
Pr with respect to the influence monovalent codopants have. Through
thermoluminescence measurements we discovered the main difference between
the codoped samples and the non-codoped LuYAG: Pr single crystal is the presence
of a glow curve peak residing at 300 K (~RT). The detrapping time of this peak was
relatively long with a value of 230 seconds at room temperature. This trap peak
contributed directly to the poor performance of the LuYAG: Pr single crystal and
presented an afterglow value that was 6 times higher than the monovalent
codoped samples. The sensitivity of light exposure was also related to this trapping
defect as the process of detrapping and white and UV light exposure had the
greatest effect on the non-codoped samples. Additionally, temperature dependent
scintillation decay time revealed the role of the 300 K trap on the decay time value
and weights of the component at and above room temperature.
Finally thermal annealing studies were completed to determine the nature
of the trapping defects and potentially improve the scintillation performance of all
LuYAG: Pr single crystals regardless of codopant. Monovalent codoped LuYAG: Pr is
not as affected with air annealing as the non-codoped LuYAG: Pr due to the
presence of the 300 K trap, which was determined to be attributed by an oxygen
vacancy. Annealing in a reducing atmosphere depleted the performance and was
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not recovered after light exposure, signifying the introduction of many deep charge
carrier traps.
Overall, monovalent codoping provides an alternative technique to achieve
outstanding scintillation performance without the need for post-processing
techniques such as air annealing. The fundamental understanding gained through
defect structure analysis can provide valid information in weighing the benefits if
codoping were to be implemented in the growth of garnet scintillators in a
commercial scale.
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CHAPTER SEVEN
ENERGY RESOLUTION OF MONOVALENT CODOPED LUYAG: PR –
DICTATING FACTORS
Motivation
Generally Pr3+ activated scintillators yield higher energy and faster
transitions than their Ce3+ activated analogs. Thus, it is assumed that if the activator
state resides within the forbidden band of the scintillator that the light yield,
scintillation decay time, and energy resolution of a Pr3+ activated crystal will be
better. Through our discoveries presented in the previous chapters, we reported
that Pr3+ activated LuYAG single crystals have excellent energy resolution values, as
low as 3.8%, with the addition of monovalent ions, challenging energy resolution
values published for commercial oxide scintillators and even some metal halides.
Defined as the full width at half maximum of the full energy deposition peak
in the pulse height gamma ray spectrum, energy resolution is also defined as a
squared sum of three main constituents, previously presented in Equation 1.2 and
repeated below [15]:
2
2
2
𝑅2 = 𝑅𝑠𝑡𝑎𝑡
+ 𝑅𝑖𝑛
+ 𝑅𝑛𝑝

(1.2)

From this definition, the three constituents are the statistical variance in the
number of photoelectrons created by the PMT (Rstat), the inhomogeneity due to the
crystal quality and yield dependent upon the uniformity of light collection (Rin), and
the nonproportional response to gamma energies of the scintillator (Rnp). These
three constituents can be individually investigated to determine which factor is
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dictating the overall resolution value determined. In addition to the important
characteristics of high light yield and scintillation decay time in scintillators for PET
applications, the energy resolution can also improve overall detector efficiency,
and thus, the dictating factors behind the origin of the values are to be explored.
Table 7.1 presents the light yield and energy resolution of each crystal grown
in this study. Given that each sample’s light yield and energy resolution were
measured identically following the procedure in Chapter 3, the factor of
homogeneity is not investigated, assuming any variance in homogeneity is
mitigated by our experimental methods. Thus, we investigate the impact of two
remaining limiting factors, nonproportional gamma response and statistical
variance within the PMT, in order to determine the cause of the outstanding energy
resolution discovered for monovalent codoped LuYAG: Pr single crystal scintillators.

Limiting Factor #1 – Nonproportional Response
The first limiting factor of monovalent codoped LuYAG: Pr single crystal
scintillators investigated was the nonproportional light yield response (Rnp). Often
called the nonlinear response to gamma energies, nonproportionality is found by
measuring the gamma photopeak centroid at energies ranging from 32 to 1275 keV
and normalizing to the centroid value at 662 keV (137Cs). [76, 106].
Generally, Pr-doped LuYAG single crystals exhibit superb proportionality in
comparison to their Ce3+ doped analogs, although their light yield is less. With
deviations from the ideal response residing around 15%, this reveals that a large
contribution of the energy resolution is due to the nonproportional response. The
mechanism behind this phenomenon is still not explicitly known but may be
155

Table 7.1. Light Yield and Energy Resolution of LuYAG scintillator crystals
characterized in this dissertation
Dopant/Codopant conc.

Abs. LY (Nph/MeV)

ER at 662 keV (%)

0.2% Pr

17,000

6.0

0.4% Pr

16,000

4.8

0.4% Pr, 0.2% Li

31,000

4.3

0.4% Pr, 0.8% Li

25,000

4.1

0.4% Pr, 2.0% Li

22,000

4.4

1.2 % Pr

22,000

4.6

1.2% Pr, 0.6% Li

32,000

4.2

1.2% Pr, 0.6% K

33,000

4.0

1.2% Pr, 0.6% Na

24,000

3.9

1.2% Pr, 0.3% Na

34,000

3.8
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attributed to the increased capture of charge carriers at Pr3+ emission centers [90].
Figure 7.1 depicts the nonproportionality of a LuYAG: Pr single crystal
compared to crystals that were codoped with monovalent ions Li, Na, and K. The
incorporation of monovalent ions into the lattice promotes a decrease of the from
~13% to less than 8% at low gamma energies. This significant change is directly
related to the excellent energy resolution values reported for monovalent codoped
LuYAG: Pr single crystal scintillators.
The presence of oxygen vacancies was reported to have an effect on the
electronic response of YAG crystals, an analog of LuYAG [107]. Recalling the
determination of the very prominent TL peak at room temperature to be an oxygen
vacancy, we ascribe the deviation difference in the nonproportionality curve to be
due to the presence of this defect.
As Pr3+ dopant concentration changed, we discovered the deviation from
ideal was only slightly affected, and we did not see as significant a change with
increasing codopant concentration (Figure 7.2). Regarding increasing Pr
concentration, Sreebunpeng, et al, also reported that as the Pr concentration
increases the deviation from ideal is not greatly affected [81].This is due to the fact
that other factors more prominent than activator concentration, such as defects
impacting carrier migration, lead to the change in proportional response.
Increasing the concentration of the codopant also does not affect the
proportional response. As shown in Figure 7.2B, the deviation remains within the
error of the measurements below 100 keV. In nonproportionality measurements,
often due to the multitude of interactions within a scintillator upon incident gamma
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Figure 7.1. Light yield response for LuYAG: Pr and monovalent codoped LuYAG: Pr
single crystals as a function of gamma energy. Error bars are shown for values
below 100 keV.
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A

B

Figure 7.2. Gamma response with (A) increasing Pr3+ concentration and (B)
increasing Li+ concentration.
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interaction, the accuracy of the measurements at low energies is often challenged
[108]. However from the results presented in this section we can confirm that the
removal of defects like oxygen vacancies can positively affect the energy resolution
due to the improved gamma response. And that changing the concentration of
dopants and codopants does not significantly affect the proportional response.

Limiting Factor #2 – Statistical Variance within the PMT
The next limiting factor investigated in this chapter, represented in Equation
1.2 as Rstat, is the contribution from the variance within the PMT. This factor is
connected to the overall transfer efficiency of the scintillation light with
dependence on the wavelength of emission, quantum efficiency of the PMT,
efficiency of reflective coatings, coupling to the PMT window, any many other
factors within the PMT electronics [76]. The value of Rstat can be quantitatively
determined and is presented in Equation 7.1, given the experimentally determined
values of photoelectron yield (Npe) and with the assumption of the PMT gain
variance (ν) having the value of 0.15, typical for biakali PMTs [15, 58, 96].
𝑅𝑠𝑡𝑎𝑡 = 2.35√

1+𝜈
𝑁𝑝𝑒

(7.1)

Table 7.2 depicts the values of Npe for each crystal in this study with the
calculated value of Rstat defined by Equation 7.1. Comparing the 1.2% Pr doped
LuYAG crystal to those codoped with monovalent ions, there is a significant
improvement signaled by a decrease in the Rstat value. A similar improvement is
witnessed with changing the concentration of dopants and codopants in LuYAG: Pr.
This decrease in value is directly correlated to the improved energy resolution
calculated by the narrowing of the photopeak in the pulse height spectra.
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Table 7.2. Photoelectron yield and calculated Rstat values of LuYAG scintillator
crystals characterized in this dissertation
Dopant/Codopant conc.

Npe

Rstat (%)

LuYAG: 0.4% Pr

3946

4.01

LuYAG: 0.4% Pr, 0.2% Li

7404

2.93

LuYAG: 0.4% Pr, 0.8% Li

5981

3.26

LuYAG: 0.4% Pr, 2.0% Li

5274

3.47

LuYAG: 1.2 % Pr

5371

3.44

LuYAG: 1.2% Pr, Li

7595

2.89

LuYAG: 1.2% Pr, K

8027

2.81

LuYAG: 1.2% Pr, Na

8089

2.80
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Conclusion
In this chapter, we discover which of the two contributing factors of the
energy resolution (Rnp and Rstat) is the most dominant when considering the ER
values reported in this dissertation study. We found that the outstanding values for
the energy resolution determined when codoping LuYAG: 1.2% Pr single crystals
with monovalent ions is due to a combination of both the improvement in
proportional response to gamma energies as well due to the fact that the number
of detected photoelectrons is higher with monovalent codoping. We also reported
a relationship between trapping defects and nonproportionality. Contrarily, we
found that changing the concentration of dopants and codopants had little to no
effect on the nonproportionality, and thus, the improved energy resolution value
was solely due to the increase in detected photoelectrons, presented in the R stat
value. The impact of monovalent codopants on the defect structure of LuYAG: Pr
single crystals reveals a combinatorial improvement to the energy resolution.
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CHAPTER EIGHT
SUMMARY AND CONCLUSIONS
To ensure proper and efficient detection, the scintillators within medical
imaging devices must exhibit characteristics that are ideal for their specific
techniques; however, many scintillators considered have fundamental limitations
that dictate the performance. With the understanding of these limits, many efforts
within research and development have progressed for medical imaging
applications, particularly PET, with in depth research emphasizing the development
of novel scintillator materials.
In this dissertation, we investigated the performance of the garnet
scintillator, praseodymium activated lutetium-yttrium aluminum garnet (LuYAG:
Pr) and we codoped this material with monovalent ions, namely, Li+, Na+, and K+. A
summary of the scintillation properties of the crystals in this dissertation is
presented in Table 8.1 (Appendix A).
An initial CZ growth optimization study was completed on undoped, doped,
and codoped LuYAG single crystals, and after two growth attempts, we reported
cracking completely mitigated in the crystal growth process. This optimization was
repeated with identical success on a codoped composition. This investigation
revealed the methods to reduce or completely eliminate cracking during CZ growth
of garnets with very few changes to the geometry, translation, and rotation.
Although elemental analysis remained below the detection limit, we presented
that the introduction of small amounts of monovalent codopants into LuYAG: Pr
single crystals produced outstanding improvements to the scintillation properties.
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In particular, we report a significant increase in the absolute light yield, excellent
energy resolution, and accelerated scintillation decay time.
We paid close attention to the dependence of dopant and codopant
concentration on the performance of LuYAG: Pr single crystals. We discovered that
scintillation performance increases with nominal Pr concentration due to increased
charge carrier recombination. We also reported that a small amount of lithium (0.2
at%) increased the light yield significantly from 16,000 ph/MeV to 31,000 ph/MeV,
but as the concentration of lithium is increased further, the value of the absolute
light yield starts to decrease. Similar to lithium codoping in LuYAG: 0.4% Pr, small
amounts of Na codopant (0.3%) show positive results but increasing concentration
further diminishes performance. These trends suggest the concept of
concentration quenching, where the scintillation performance is highly sensitive to
non-optically active dopants affecting the charge carrier transport within the
lattice.
Next, we succeeded to define the complex defect structure of LuYAG: Pr with
consideration

on

the

effects

of

monovalent

codopants.

Through

thermoluminescence measurements the presence of a glow curve peak residing at
300 K (~RT) in non-codoped LuYAG: Pr single crystals was revealed. The detrapping
time of this peak was relatively long and contributes to the poor performance of
the non-codoped LuYAG: Pr single crystals. We also related the sensitivity of light
exposure to this trapping defect as the process of detrapping and white and UV
light exposure had the greatest effect on the non-codoped samples. Ultimately,
temperature dependent scintillation decay time revealed the role of the 300 K trap
on the decay time value and weights of the component at and above room
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temperature. Annealing studies were completed and the trap at 300 K in LuYAG: Pr
was determined to be an oxygen vacancy due to the improved performance after
air annealing. Annealing in a reducing atmosphere introduced many deep charge
carrier traps, reducing performance.
The energy resolution of monovalent codoped LuYAG: Pr is improved
tremendously with the lowest value at 3.8% with Na codoping, challenging the
performance reported for other scintillators like NaI: Tl (6.7%), CsI: Tl (6.6%), YAP:
Ce (4.4%), and even non-codoped LuAG: Pr reported at 4.6%. We discovered that
the improvement in ER% is due to a combination of both contributing factors of the
energy resolution (Rnp and Rstat), and that dopant/codopant concentration does not
affect nonproportionality and thus the impact on ER% is solely due to the increase
in overall photoelectron yield.
Ultimately, the results from this dissertation can be used to determine the
viability of this method of improving the performance of Pr-activated LuYAG single
crystal scintillators for possible applications in medical imaging. Overall,
monovalent codoping provides an alternative technique to achieve outstanding
scintillation performance without the need for post-processing techniques such as
air annealing. The fundamental understanding gained through defect structure
analysis can provide valid information in weighing the benefits if codoping were to
be implemented in the growth of garnet scintillators in a commercial scale.
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Table 8.1. Scintillation Properties of LuYAG based Scintillators in this Dissertation
Sample Name
LuYAG: Pr

Dopant Codopant Light Yield

ER

(at%)*

(at%)*

(ph/MeV)

(%)

0.2

--

17,000

6.0

Decay Time (ns)
55.3 (17%), 260.2 (35%),
1331.6 (51%)

LuYAG: Pr

0.4

--

16,000

4.8

41.3 (18%), 322.3 (37%),
1328.2 (45%)

LuYAG: Pr

1.2

--

22,000

4.6

52.3 (14%), 400.2 (37%),
1434.7 (49%)

LuYAG: Pr, Li

0.4

0.2

31,000

4.3

45.9 (19%), 395 (40%),
1470.1 (41%)

LuYAG: Pr, Li

0.4

0.8

25,000

4.1

48.4 (19%), 379.4 (39%),
1444.4 (42%)

LuYAG: Pr, Li

0.4

2.0

22,000

4.4

49.5 (18%), 404.3 (40%),
1513.8 (42%)

LuYAG: Pr, Li

1.2

0.6

32,000

4.2

32.9 (36%), 260.2 (34%),
1331.6 (31)

LuYAG: Pr, Na

1.2

0.3

34,000

3.8

30.9 (37%), 204.5 (32%),
1146.5 (31%)

LuYAG: Pr, Na

1.2

0.6

24,000

3.9

32 (37%), 239.1 (32%),
1043.8 (31%)

LuYAG: Pr, K

1.2

0.6

33,000

4.0

31.0 (36%), 193.2 (32%),
1100.6 (38%)

* nominal concentration with respect to the Lu ion
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